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Abstract
Purpose: To investigate whether a single session of closed kinetic chain (CKC) and open
kinetic chain (OKC) exercises emphasizing speed post-stroke could evoke changes in the
motor control and whether these improvements would transfer to postural tasks.
Methods: Thirty-two individuals post-stroke and 32 age- and sex- matched controls
performed a single session of 50 fast squats and steps (Chapter 3). Internal perturbations
(arm raise/load drop) were used to assess postural responses before exercises (Pre),
immediately after exercises (Post) and 15 minutes after exercises (Retention) (Chapter 4).
Eleven individuals post-stroke performed a single session of 50 fast knee and ankle OKC
exercises and postural responses were assessed Pre and Post exercises (Chapter 5).
Electromyographic (EMG) activity was measured bilaterally in the rectus femoris (RF),
biceps femoris (BF), tibialis anterior (TA), and soleus (SOL) muscles.
Result: The squat was performed slower in the stroke group than controls, with impaired
temporal coupling between the knee movement and postural sway. The paretic BF EMG
was delayed with a reduced slope and the paretic RF EMG area was reduced. The squat
was initiated with the non-paretic leg as a compensatory strategy in the low motor
recovery group whereas the paretic leg was used in an adaptive manner in the high motor
recovery group (Chapter 2). The temporal coupling improved and EMG area of the
paretic TA, BF and RF increased in the squats. In the steps, the paretic BF and RF EMG
area increased in the stepping leg and the paretic SOL and RF EMG area increased in the
stance leg (Chapter 3). The paretic BF EMG area and slope increased after exercises in
the arm raise task. In the load drop task, the paretic BF EMG deactivation improved and
was retained after 15 minutes. Weight bearing symmetry also improved with exercise
(Chapter 4). The paretic BF, RF, TA EMG area increased along with an increase in peak
velocity and power during the OKC exercises. The arm acceleration and BF EMG area
increased in the arm raise task (Chapter 5).
Conclusion: This dissertation reveals the positive effects of exercise emphasizing speed
on motor control post-stroke.
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Chapter 1
Introduction

1
1.1

Stroke Etiology and Statistics

A stroke is a disruption in blood flow to the brain by ischemia or a haemorrhage. An
ischemic stroke is an obstruction of a blood vessel in the brain from a large artery
atherosclerosis, cardioembolism or a small artery occlusion and accounts for 80% of all
strokes.1 Haemorrhagic strokes are less common and occur when a blood vessel ruptures
in the brain and bleeds into the surrounding area. In both types of stroke, blood flow to
the brain is interrupted resulting in death or injury to the brain cells.
Stroke is one of the leading causes of death and disability in Canada.2 The number of
stroke deaths has declined in the last 30 years, increasing the survival rate and the number
of individuals living with long term disability and functional limitations. There are more
than 50, 000 strokes a year in Canada and only 10% of these individuals recover
completely.3 The residual deficits common to individuals after stroke are a loss of
memory, speech and swallowing difficulties, decreased sensation, loss of coordination,
muscle weakness and impaired balance. The most common stroke deficit is muscle
weakness, known as paresis and 80% of patients surviving a stroke have some degree of
weakness.4,5
Falls are common after stroke and impaired balance, visuospatial, hemi-neglect and selfcare deficits are common predictors of falls in an inpatient rehabilitation unit.6 Ugur et
al7 reported in a sample of 293 stroke patients in an inpatient rehabilitation unit, 44%
experienced a fall and the risk increased as functional impairments increased. Many
individuals become more dependent after sustaining a stroke; 60% reported needing some
assistance with their activities and 84% reported activity restrictions which left them
dependent on others for some of their activities of daily living. Even though many
individuals become dependent on others for assistance the number of falls in the first six
months is high. Forster and Young,8 reported 73% of persons post-stroke fell in the first
six months after being discharged from the hospital with a total of 270 falls reported in
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their sample of 108 participants. Falls can be devastating and can lead to fractures,9 a fear
of falling,10 and activity limitations.11
The economic impact of stroke is also significant. Thus, finding ways to reduce
impairment after stroke is important. The direct cost to the Canadian health care system
is estimated to be over 3.6 billion dollars.3 The hospitalization rate for stroke has
declined since 1979, however the length of stay has increased for an individual compared
to other health conditions.3 This may be related to the severity of the strokes that are
generating a longer hospital stay.

1.2

Neuroplasticity

The process of recovering functional loss following stroke is thought to be accomplished
through neuroplasticity whereby the reorganization of the brain occurs in an attempt to
recover the loss of function. The mechanisms of neuroplasticity include the unmasking of
anatomical pathways previously not functional, sprouting of new pathways, and
redundant pathways with a similar function taking over for the injured part of the brain.1215

Regardless of the type of stroke, the injured part of the brain has two different areas,

the ischemic core and the surrounding area called the penumbra. In the ischemic core,
severe oxygen depletion for more than two minutes results in necrosis of brain cells.16 In
the penumbra the blood flow is reduced, however the area can remain viable for several
hours after a stroke with the assistance of the anastomoses of collateral arteries supplying
oxygenated blood at a reduced rate. The penumbra is important in the recovery process
because, if blood flow is restored to the penumbra, the damage may be reversed.17
Neuroplasticity in the early stages of recovery occurs spontaneously as the edema and
necrotic tissue is absorbed and blood flow increases from collateral circulation. This
process can last up to eight weeks especially in haemorrhagic strokes where edema is
prevalent. In the later stages there is evidence that the brain and nervous system can
change structurally and functionally. The extent of neuroplasticity is dependent on the
magnitude of the stroke, with a severe stroke producing less viable adjacent brain tissue
with similar function, subsequently impeding neural reorganization.
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A stroke involving the motor area of the brain has reduced descending motor commands
to the alpha motor neurons innervating the muscles. Neuronal death and smaller motor
output area, compared to the unaffected side of the brain, are attributed to altered central
drive.18,19 A persistently reduced neural signal to the alpha motor neurons leads to the
death of alpha motor neurons, and those innervating fast-twitch type II fibers are more
susceptible to death. Reorganization of the muscle takes place through collateral
sprouting of adjacent alpha motor neurons to take on the muscle fibers of the alpha motor
neurons that have died. As a result structural changes occur in the muscle with fewer
type II fibers and fewer alpha motor neurons that innervate a larger number of fibers.20,21
Thus changes in the neural activity from the brain can result in morphological changes at
the level of the muscle.
The recovery process is dependent on viable tissue in the penumbra for neural
reorganization. Rehabilitation may play an important role in enhancing the newly formed
pathways or establishing new pathways.22 The benefits of rehabilitation have been shown
with an increase in representation area of the affected limb in the adjacent brain tissue to
the ischemic area12 and greater task improvements23 in animal models. In human studies,
an enlarged cortical representation has been observed in single and multiple day
rehabilitation sessions.24-27 Thus rehabilitation enhances and strengthens the newly
created pathways and is an important component to recovery after stroke.

1.3

Postural Control of Balance

Standing balance ranges from quiet stance, where there is no movement, to dynamic
balance occurring during transitional movements, such as walking or climbing stairs.
Balance is controlled through postural control and the purpose is to maintain a state of
postural equilibrium, which is when all internal forces generated by the neuromuscular
system are in balance with the external forces acting on the body, including the force of
gravity and ground reaction forces from the supporting surface.28 Postural equilibrium is
a dynamic process involving the integration of information from the environment by the
vestibular, somatosensory and visual systems to stabilize the center of mass (COM) of the
body during both self-initiated and externally-triggered disturbances.

3

The body is in a state of postural equilibrium when the COM is within the base of
support; this area was described by McCollum and Leen29 as a geometric form of the
limits of stability. This area is an area where one can move their COM and maintain
equilibrium without adjusting their base of support. When the limits of stability are
reached, three different strategies can be employed to counter a disturbance: an ankle
strategy, hip strategy or stepping strategy. The ankle strategy involves a response from
the ankle plantarflexors (during an anterior sway) or dorsiflexors (during a posterior
sway), and the response shifts the center of mass by adjusting the body around the ankles.
This strategy is sufficient when the center of mass velocity is slow.28 In faster
movements, a hip strategy can be used to control the center of mass through large rapid
motions at the hip and movements at the ankle that are opposite in direction to the hip
movement.30 The stepping strategy is used when the ankle or hip strategies are
insufficient to regain or maintain balance. A step is taken to realign the center of mass
within the base of support. The stepping strategies are used more frequently in older
adults,31 thus the speed of a protective step is important in the ability to regain postural
equilibrium.
The muscle responses from the neuromuscular system when the center of mass moves
outside the base of support is a postural adjustment or response to offset the destabilizing
forces.32-34 A postural response is controlled centrally and the magnitude is dictated by
the distance of the COM movement within or outside of the base of support and the center
of mass velocity.35 Two types of disturbances to postural equilibrium which may require
a postural response are internal and external perturbations.
An external perturbation occurs when the body is unexpectedly perturbed by a translating
platform or an external force imposed on the body creating a shift in the COM. The
muscles respond after the movement in a feedback manner to restore the body back to a
postural equilibrium. A backward translation of the platform generates a forward sway
and a response from the gastrocnemius muscle 100 ms after the platform is translated.36
The magnitude of the response is dictated by how quickly the COM is displaced. As the
acceleration increases the magnitude of the muscle activity increases.37 There is also a
fixed coupling of gastrocnemius-hamstring muscles in response to a forward sway and
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tibialias anterior-quadriceps muscles to a backward sway with the distal muscle being
activated first.38
Internal perturbations are created through voluntary movements with the postural
response preceding the movement.32,39 The response before the movement is referred to
as a feedforward response. The muscle activity increases before the voluntary movement,
producing a shift in the center of pressure (COP) to compensate for the anticipated
disturbance. Similar to external perturbations, the direction dictates which muscles
respond, a perturbation directed forward displaces the COM anteriorly, requiring a
response from the posterior muscles, e.g. hamstrings, gastrocnemius and erector spinae
muscles. The reverse occurs when the COM moves posteriorly, the anterior muscles, e.g.
tibialis anterior and quadriceps muscles, respond to the perturbation.33,40 The magnitude
of the postural response can be influenced by the size of the perturbation, a larger
perturbation generates a larger postural response41 and as the velocity of movement
increases the initial rise in the electromyographic (EMG) slope increases.42 In
asymmetrical weight bearing, by externally rotating the leg 45º, the postural response is
reduced in the soleus and rectus abdominus muscles on the side of the body with the leg
rotated externally (or reduced weight).43 If weight is added to the body symmetrically the
postural response of the soleus, rectus abdominus and erector spinae muscles increases in
amplitude.44 Thus, there is modulation of postural responses based on loading, velocity
of movement and magnitude of the perturbation in healthy individuals.

1.4

Balance after Stroke

The impairments after stroke to sensation, motor control and coordination result in
deficits in standing balance.45 The postural responses required to counter a disturbance to
balance, whether produced internally or externally, are impaired which is evident by the
delayed timing and insufficient magnitude of EMG in the paretic gastrocnemius, tibialis
anterior, hamstrings, quadriceps, gluteus medius, and paraspinal muscles compared to
controls.46-49 The altered muscle activity in the paretic muscles has been attributed to
neurological changes, such as an increased stretch reflex excitability,50,51 increased
agonist-antagonist muscle coactivation,52-56 and decreased motor unit firing rate.57-59
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After stroke, the isometric EMG-force relationship is impaired. That is, there is a greater
EMG increase with increasing force resulting in a steeper EMG-force relationship than
controls.60 The reason for the increase in EMG without comparable increases in force
may result from decreased motor unit firing rates,57-59 decreased number of type II
fibers,20,61 and/or a decreased ability to modulate the motor unit firing rate.59 During
concentric movement, in healthy subjects the EMG amplitude increases as velocity
increases yet the torque decreases as velocity increases.62,63 After stroke, there is no
modulation of EMG amplitude as velocity increases64 and torque decreases to a greater
extent as velocity increases.65-67
In individuals after stroke, when a disturbance to the body is generated externally
(external perturbation) the muscle activity from the paretic muscles is reduced, delayed
and prolonged.46,47,68-70 The examination of postural responses to external perturbations
post-stoke have been examined using force platform translations. The distal to proximal
response typically observed in healthy individuals is impaired, with slower and smaller
muscle activity in response to horizontal translations in persons 5-30 months poststroke.46 There is evidence that the postural response to a horizontal translation is better
if an individual is given advanced warning of the perturbation.70 Increasing the load or
increasing the acceleration leads to an increased EMG burst similar to controls. However
the ability to modulate an earlier response in the gastrocnemius muscle compared to
controls is impaired.68,71 During external perturbations, the response in the paretic
muscles is disrupted with a greater impairment in the timing of the EMG burst than the
magnitude of the EMG burst.69,71
Similarly, impaired postural responses to internal perturbations have been reported in
individuals after stroke. During a standing single leg hip and knee flexion perturbation, a
delay and reduced gluteus medius muscle activity was observed in the paretic side
compared to the non-paretic side.72 Another internal perturbation used is the arm raise,
where the non-paretic arm is moved quickly forward to a horizontal position. When
individuals after stroke with poor balance (less than 38/56 on the Berg Balance Scale)
performed the arm raise an anticipatory activation of the paretic hamstrings was not
observed.73 Even individuals characterized by the Berg Balance Scale as having good
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balance (mean of 48/56 on the Berg Balance Scale) demonstrated a delay in the muscle
activation of the paretic hamstrings compared to an elderly control group with a similar
mean age.49 The response of the muscle can be influence by the characteristics of the
internal perturbation. Horak et al48 reported a delayed response in the muscle activation
of the paretic biceps femoris muscle in both a self paced arm raise and a weighted arm
raise when compared to controls. Also, the paretic paraspinal muscle had a greater delay
in muscle activation during the weighted arm raise than the fast self paced arm raise.
Another method of producing an internal perturbation is a load drop. This type of
perturbation is standardized, whereas the arm raise varies based on the ability of the
person to generate a fast movement, which is impaired after stroke. Slijper et al74 had
individuals after stroke drop a load from the non-paretic hand with the arm extended in
front and out to the side. They reported reduced muscle activity in the paretic rectus
femoris and biceps femoris muscles. The muscle activity for the side load drop or front
load drop prior to the load release did not differ in individuals after stroke, whereas
controls had a smaller EMG activity in the side load drop. Thus individuals after stroke
were unable to modulate the magnitude of the paretic rectus femoris, biceps femoris or
erector spinae muscle activity in response to a change in load drop direction.74

1.5

Rehabilitation of Balance after Stroke

Rehabilitation interventions are important as they attempt to enhance neuroplasticity.
There are a wide variety of interventions used to improve balance, however no one
intervention is superior to another to improve balance post-stroke. The abundance of
intervention strategies available and the heterogeneity of the type of strokes may explain
why no single intervention has been shown to be more effective than other.
The type of interventions used to improve standing balance include force platform
feedback,75-79 a balance trainer80 and multisensory or sensory training.81-86 One review
examining feedback from the force platform revealed that this strategy improved standing
balance however the improvements did not transfer to functional activities or change
functional independence.87 Sensory training improved balance,79,83,85,86 however the
benefits from sensory training did not differ from conventional therapy.81 There is
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evidence that repetitions of a lateral push applied at the hip results in relearning of
appropriate postural responses and if the knowledge of push direction is known in
advance relearning can be enhanced.88 Therefore, it is important to examine a novel
strategy in the rehabilitation of balance post-stroke that can increase movement speed in
order to elicit a quick response to regain postural equilibrium.

1.6

Velocity, Force and Power

Power is the product of force and velocity. Muscle power has been found to be a
predictor of balance and functional mobility in older adults.89-92 In older adults, muscle
strength is related to balance outcome measures requiring little movement, such as the
Berg Balance Scale and Unipedal Stance Test, whereas the velocity of the movement was
associated with dynamic balance outcome measures, such as Dynamic Gait Index and
Performance Mobility Assessment.93
Force94,95 and movement velocity62,66,96 are impaired after stroke and both contribute to
understanding the deficits that exist in balance. There is evidence to support the benefits
of strength training,97-101 however several reviews examining the effects of strength
training after stroke revealed that muscle strength improvements did not necessarily
transfer to functional activities unless the activities were task specific.102-105 This is not
surprising considering there is a poor correlation between muscle strength and dynamic
balance after stroke.102,106 Lee et al101 demonstrated that 30 sessions of strength training
did not improve gait velocity or walking distance even though the muscle strength
improved. Thus, there is an indication that functional tasks involving dynamic balance
may require training the velocity of movement as well as the strength of a muscle after
stroke. Functional activities do not necessarily require strong contractions but instead
typically involve repeated sub-maximal contractions occurring at fast velocities. Given
that muscle power is important for balance and mobility,92 improving power by retraining
speed of movement may be important.
Training with exercises emphasizing speed of movement has been studied mostly in older
adults. When comparing exercises of slow velocity resistance training to fast velocity
resistance training in older adults, muscle power increases to a greater extent in the fast
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velocity group compared to a slow velocity group.107,108 However, there is little evidence
that velocity training can improve balance after stroke. There is only one study by
Marigold et al86 that examined using agility exercises post-stroke in a chronic group and
they observed improvements in the reaction time to the steps and the latencies of muscle
bursts during force platform perturbations.

1.7

Open Kinetic and Close Kinetic Chain exercises

There are two types of exercises commonly used in rehabilitation to train a muscle: open
kinetic chain (OKC) and closed kinetic chain (CKC) exercises. OKC exercises are
characterized by joint movements in which the distal segment is free to move and
typically the movement occurs in one plane. CKC exercises involve multiple joints
moving in multiple planes with the distal segment fixed on a surface.109 The OKC
exercise is considered less functional than the CKC exercises because the joint moves in
isolation of the surrounding joints.110 Some benefits of CKC exercises are that they
simulate more functional activities and there is greater EMG activity in CKC than OKC
exercises particularly in the vastus medialis during knee extension.111 However, the
rectus femoris is more active in OKC exercises than CKC exercises.112 To improve
functional activities in rehabilitation, task specificity seems to provide better
improvements than training the strength of a muscle in a single joint movement.113
The research that focuses on the benefits and disadvantages of OKC and CKC exercises
has been in the area of knee rehabilitation following knee injuries and/or surgery. There
is limited research in the area of stroke and little evidence that OKC and CKC exercises
can improve balance. In healthy adults when training with OKC exercises, there was no
transfer of improvements to a CKC test and greater strength improvements were observed
using CKC exercises.114,115 Rehabilitation following an anterior cruciate ligament injury
with OKC exercises led to greater increases in quadriceps strength compared to CKC
exercises.116,117 It is not known if exercises emphasizing speed of movement in the form
of OKC exercises would be associated with improvements in the paretic muscles. This
could be an alternative for more impaired individuals where exercises in standing would
be difficult.
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1.8

Thesis Outline

This thesis examines the impairments in muscle activation patterns during fast
movements and the changes in muscle activity from an exercise protocol of CKC and
OKC exercises emphasizing speed of movement. Importantly, the thesis examines if the
change in muscle activation patterns during the exercises transfers to the postural
responses evoked by internal perturbations. Experiment 1 investigates the disruption in
muscle activation patterns in CKC exercises emphasizing speed of movement (Chapter 2)
and if exercises emphasizing speed of movement, squats and steps, can evoke a
modification of the muscle activation patterns (Chapter 3). Chapter 4 examines if the
improvements observed in the exercises transfers to the postural responses required to
counter internal perturbations. Experiment 2 examines if open kinetic chain exercises in
sitting can evoke changes in the magnitude of muscle activation patterns and if the
improvements observed at the end of the exercises transfers to the postural responses
required to counter an internal perturbation.

1.8.1

Objectives and Hypotheses

The main objective of this research was to investigate if standing balance could be
retrained in individuals after stroke using a novel approach of fast movements applied
during both closed and open kinetic chain exercises.
Chapter 2
Objective: The motor control strategy used by individuals after stroke during fast
squatting movements would be examined and compared to a group of age- and sexmatched controls.
Hypothesis: The muscle activation patterns in the individuals after stroke would be
impaired with a reduced EMG area compared to a group of age- and sex- matched
controls. The impairments would result in a compensatory motor control strategy to
achieve the fast squatting movement. A secondary hypothesis, less impairment would be
observed in the muscle activation patterns in the deceleration phase of the squat than the
acceleration phase. The rationale was that the eccentric nature of the deceleration phase

10

of the squat, in combination with the relative preservation of extensor muscle activity
over flexors in the leg after stroke may enable better rectus femoris control of the
deceleration phase of the squat over the flexion torque required for the initiation of the
acceleration phase.
Chapter 3
Objective: To determine if the muscle activation patterns of the paretic muscles can be
modified during fast squatting movements and protective stepping by comparing the
average of ten trials at the beginning and at the end of the squats and steps.
Hypothesis: It was hypothesized that a single session of fast functional exercises would
result in an increase in the EMG burst area of the paretic soleus, tibialis anterior, biceps
femoris and rectus femoris muscles. The increased EMG burst area would be
accompanied by an increase in speed of movement in the individuals after stroke
compared to the control group from the beginning to the end of the squats and steps.
Chapter 4
Objective: To determine if the changes in muscle activation patterns observed in a single
session of exercises emphasizing speed of movement would transfer to the postural
responses associated with internal perturbations (arm raise and load drop) in individuals
post-stroke. A secondary aim was to determine if there would be short-term retention (15
minutes after the exercises) of any of the observed improvements in postural responses.
Hypothesis: An improved postural response would be observed in the stroke group. In
the arm raise, the paretic biceps femoris EMG area and slope and the COP velocity would
increase after the exercises. In the load drop there would be an increase in the
anticipatory deactivation of the biceps femoris EMG activity after the exercises. It was
further hypothesized that any changes would be retained when tested 15 minutes later.
Chapter 5
Objective: To determine if the muscle activation pattern, peak velocity and power could
be improved through the use of single joint OKC exercise of the ankle and knee
11

performed in sitting. A secondary objective was to determine if the improved muscle
activation pattern and speed of movement would result in an improved postural response
in the arm raise task.
Hypothesis: The fast movement exercises of the ankle dorsiflexors and plantarflexors and
knee extensors and flexors would result in an increase in peak velocity which would be
accompanied by an increase in EMG burst area in the soleus, tibialis anterior, biceps
femoris, and rectus femoris muscles. The improvements in peak velocity and EMG burst
area would also be accompanied by an increase in ankle dorsiflexor and plantarflexor
power and knee extensor and flexor power. A secondary hypothesis was that during the
arm raise balance task the EMG burst area of the biceps femoris and arm acceleration
would increase after the OKC exercises.
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Chapter 2
2

Control of fast squatting movements after stroke1
2.1

Introduction

Residual motor impairments are common after stroke, such as poor timing of muscle
activity,1-5 excessive cocontraction of muscles6,7 and a reduced and delayed
electromyographic (EMG) burst.1,4,8-11 A considerable amount of research has been
performed on the motor control of limb movements12-16 and postural responses to
standing balance perturbations after stroke.1,4,8-11 Relatively little is known about the
motor control of whole body movements in standing that combine limb movement with
the necessary postural responses to maintain stable stance.
Motor control after stroke is not only influenced by the extent of the sensorimotor
impairment but also on the type of task performed. For instance, a greater relative
preservation of extensor muscle activity over flexors in the leg is common after
stroke.17,18 In addition, there are greater force deficits in concentric contractions19-21 than
in isometric contractions13,14,19,22 and a relative preservation of eccentric contractions in
the paretic muscles.20,21 Finally, individuals post stroke have greater force deficits at
higher velocities.13,14 Davies and colleagues13 found that only three out of 12 subjects
could produce a movement velocity of 300°/s with the paretic knee extensors, whereas no
one could move the paretic knee flexors at this velocity during concentric contractions.
Thus one would expect the motor control after stroke to be most affected during fast
concentric movements of the flexor muscles of the leg (e.g. the initiation of a squatting
movement), whereas, eccentric movements of the extensors would be less affected or
more similar to controls.
The squat is an exercise used for strengthening of the lower extremity after stroke.23 The
motor control of a squatting movement has been studied extensively in healthy
1
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individuals but not in people after stroke. The squat is a downward movement of the
body with flexion of the hip, knee and ankle occurring at the same time.24 Preceding the
squat there is a deactivation of the hamstrings25,26 and erector spinae.26 A burst in the
tibialis anterior initiates the acceleration of the squat, concomitant with a postural
adjustment comprising a posterior shift in the center of pressure (COP).24-26 The COP
shifts from a posterior to an anterior direction and the peak anterior COP displacement is
reached when the ankle joint reaches maximum velocity27 or maximal displacement.26
The deceleration is controlled by the quadriceps eccentrically.25-27 The initial moment at
the knee is a flexion moment which switches to an extension moment when the
quadriceps contracts eccentrically to control the descent.24
The fast squatting movement is a good model to explore motor control after stroke
because the ankle dorsiflexor muscles, which are instrumental in the initiation of the
squat, are commonly weak after stroke. In addition, this movement was explored because
the squat could be used in neurorehabilitation to retrain the motor control of whole body
movements as it can be performed safely and involves bilateral movements which have
been shown to improve movement time and symmetry in the paretic upper limb.28-30
The purpose of this study was to examine the influence of stroke on the motor control
strategies of fast squatting movements. It was hypothesized that there would be impaired
muscle activation and postural responses leading to compensatory motor strategies to
achieve the fast squatting movement. It was further hypothesized that the deceleration
phase of the squat would be less impaired than the acceleration phase. The eccentric
nature of the deceleration phase of the squat, in combination with the relative preservation
of extensor muscle activity over flexors in the leg after stroke, may enable better rectus
femoris control of the deceleration phase of the squat compared to the flexion torque
required to initiate the start of the acceleration phase of the squat.

2.2

Methods

Seventeen individuals with hemiparesis following a stroke participated after discharge
from an inpatient rehabilitation unit. The study inclusion criteria included individuals
who were able to stand independently for at least one minute and the time from discharge
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from an inpatient rehabilitation unit was less than one month. Individuals were excluded
if they had other neurological, cardiac, musculoskeletal or respiratory conditions that
interfered with the study protocol. Seventeen age- and sex-matched controls were
recruited through the University of Western Ontario and from the Retirement Research
Association associated with the Canadian Center for Activity and Aging at the University
of Western Ontario. All individuals gave informed consent to participate in the study.
The study was approved by the Review Board for Health Sciences Research Involving
Human Subjects at the University of Western Ontario.

2.2.1

Experimental protocol

Clinical evaluation of motor recovery, balance, and sensation was done initially to
describe impairments that may have influenced the ability of the participants to perform
the fast squatting movements. The Chedoke McMaster Stroke Assessment (CMSA)
Impairment Inventory was used to assess motor recovery for the leg and foot.31 Standing
balance of all participants was tested with the Berg Balance Scale, a measure that
incorporates maintaining static position, altering the center of mass with respect to the
base of support, and reducing the base of support.32 The Community Balance and
Mobility Scale was used to assess ambulatory balance in the stroke group because it
incorporates high level balance and mobility tasks required by individuals living in the
community33 and has recently been validated in people with stroke.34 Cutaneous
sensation of the plantar aspect of the foot, and ankle proprioception were evaluated
according to standard clinical procedures.35
Each individual was fitted into a safety harness and stood with each foot placed on a
separate AMTI OR6-6-1000 (Advanced Mechanical Technology Inc., Watertown, MA,
USA) force platform. The harness did not provide any body weight support during the
squats. Individuals were instructed to perform a squat of approximately 30 degrees of
knee flexion by “unlocking their knees and stopping the downward movement as quickly
as possible”. Subjects held the squat for 1 s, returned to starting position slowly and
waited approximately 6 s before the next squat was initiated. Subjects were encouraged
to make the squat as symmetrical as possible with both legs. The arms of the subject
were kept along the side of the trunk and feedback was provided to ensure the trunk did
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not lean forward during the downward movement. The first 10 squats performed were
considered practice and trials 11-20 were used for analysis. To detect the initiation of the
squat, a uniaxial accelerometer (T45-10, Colbourn Instruments, Whitehall, PA, USA) was
attached proximal to each knee because this position was found to be the best
configuration to detect the initial knee unlocking.36 The accelerometer has been used to
detect phases of gait in healthy and individuals with hemiparesis with few errors.37 For
the purposes of the current study, it was used to detect the timing of the acceleration and
deceleration phases of the squat.
The EMG activity of the leg muscles was recorded using Myomonitor® IV Wireless
Transmission & Datalogging System (Delsys Inc, Boston, MA, USA) with single
differential sensors (DE-2.3). The electrodes were two 1.0 × 0.1 cm strips with a fixed
inter-electrode distance of 1 cm and equipped with a preamplifier (gain: 1000 V/V;
bandwidth: 20−450 Hz). The electrodes were placed bilaterally on the muscle belly of
the rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA) and soleus (SOL)
muscles. A ground electrode was positioned on the lateral malleolus. EMG data were
collected using EMGWorks software (Delsys Inc, Boston, MA, USA) at a sampling rate
of 2000 Hz. Simultaneous recording of force and moment signals from the force
platforms (six from each platform) and the two accelerometer signals was conducted
using a separate 16-bit acquisition system (Power 1401 with Spike2 software, Cambridge
Electronic Design, Cambridge, UK) at a sampling rate of 500 Hz (force platform) and
1000 Hz (accelerometer). Data collection on both acquisition systems was synchronized
by a TTL signal from a trigger module (Delsys Inc., Boston, MA, USA) produced at the
beginning of the EMG recording. Subsequently, EMG data were imported in Spike 2
(Cambridge Electronic Design, Cambridge, UK) and analyzed off line together with force
platform and accelerometer signals.

2.2.2

Data analysis

Ten consecutive squats were analyzed per subject. The accelerometers were used to
detect the onset of movement (acceleration onset) for each leg and the onset of the
deceleration phase. The acceleration and deceleration phases were the positive (above
zero) and negative (below zero) parts of the accelerometer signal (Fig. 2.1, top trace).
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The onset of knee movement was detected when the slope of the acceleration curve was
greater than zero. EMG signals were rectified before analysis and the EMG from the 10
squats were averaged over 2 s starting 1 s before the onset of knee movement. To be
classified as a burst, the EMG activity had to be greater than the mean+2 standard
deviations of the baseline activity measured during quiet stance prior to the squat. EMG
onset latency, EMG peak slope, and EMG area of the acceleration and deceleration phase
of the muscle bursts were measured. The latencies were calculated relative to the onset of
movement. The slope was normalized to the peak EMG amplitude of the muscle burst.
The area of the EMG burst was measured for the duration of the acceleration and
deceleration phases, and normalized to the baseline activity.
To assess the coupling of the timing of the peak acceleration or deceleration of the knee
with the timing of peak posterior or anterior displacement of the COP, the data were
plotted against each other and the shortest distance (d) was calculated from the point to
the line of unity,
d = sin θ (| x – y |)
where x is the timing of the peak knee acceleration or deceleration and y is the timing of
the peak anterior/posterior (A/P) COP displacement.
COP excursions in the A/P direction were calculated for each leg as follows, COP(A/P) =
(Mx + Fy × Zo)/Fz + Yo, where Mx is the moment; Fy and Fz are the ground reaction
forces in A/P and vertical direction, respectively; and Yo and Zo are the offsets from the
geometric center of the force platform. The excursions were normalized to the foot
length and reported as a percentage of foot length. The Fz of the two force platforms
were combined and the resultant signal was used to calculate the vertical acceleration (a)
of the center of mass through the following formula, a = 9.81×(Fz-W)/W, where W is the
subject’s body weight.38 The vertical velocity of the center of mass was obtained by time
integration of the acceleration curve and subsequently, the vertical displacement was
acquired by time integration of the vertical velocity.39 The peak to peak acceleration, the
maximum vertical velocity, and the maximum vertical displacement of the center of mass
were measured as a way to describe the squatting movement.
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2.2.3

Statistical analysis

Statistical analysis was performed using SPSS for Windows version 17.0 (SPSS, Chicago,
IL). Descriptive statistics (means and standard deviations) were calculated. One-way
analyses of variance (ANOVA) with Tukey’s post hoc tests were used to evaluate the
differences in the EMG peak slope, EMG onset latency, EMG area during acceleration
and deceleration phases of the squat, COP onset latency, and A/P COP excursions among
the average of the right and left legs of controls, the paretic leg and the non-paretic leg of
individuals after stroke. The coupling (d) was examined between the right and left legs of
controls and the paretic and non-paretic legs for stroke group with independent Student’s
t-tests. Student’s t-tests were used to compare the peak to peak acceleration, maximum
vertical velocity, and maximum vertical displacement of the center of mass between the
control and stroke group. Individuals after stroke were divided into a high and low motor
recovery group based on the CMSA score (see below); Student’s t-tests were used to
determine differences between the paretic leg of low motor recovery group and the
average of the right and left legs of controls. The level of statistical significance was set
at 0.05.

2.3
2.3.1

Results
Subject characteristics

The mean age of the seventeen individuals after stroke was 56.4 ± 13.5 years (range: 2780 years) and there were ten males and seven females (see Appendix A for subject
characteristics). On average, testing was performed 10.8 ± 4.9 weeks post stroke onset.
Eleven subjects had hemiparesis on the left and six subjects on the right. The score of the
CMSA for the foot and leg was combined for a maximal score of 14, the mean CMSA
score was 10.8 ± 2.5 (range: 6-14). The mean Berg Balance Scale score was 51.3 ± 5.4
(range: 40-56) out of a maximal score of 56 and the mean Community Balance and
Mobility score was 47.1 ± 13.2 (range: 14-83) out of a maximal score of 96. Sensation
was intact in all subjects. The stroke group was divided into a low motor recovery and
high motor recovery group based on the score of the CMSA. The six individuals in the
low motor recovery group had CMSA scores of nine or less, indicating an inability to
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perform isolated movements of single joints in the leg. The high motor recovery group
included 11 individuals with a CMSA of 10 or greater. The mean age of controls was
56.1 ± 15.2 years and their mean Berg Balance Scale score was 55.9 ± 0.2.

2.3.2

Description of fast squatting movements

2.3.3

Control group

Figure 2.1 shows the knee acceleration, COP displacement in the A/P direction, and EMG
patterns averaged for 10 squats in one representative control subject. The acceleration
and deceleration phases are denoted with the vertical dashed lines representing the onset
and the end of each phase. The squat was performed symmetrically with the right and left
leg. For the 17 control subjects, the mean difference in movement onset (initiation of
knee acceleration) between legs was 6.2 ± 22.7 ms (range -49 to 47 ms) (Figure 2.2). The
squat on average had a vertical displacement of 9.6 ± 2.4 cm and a maximum vertical
velocity of 54.9 ± 11.1 cm/s. On average, the control group had a peak to peak
acceleration of 9.9 ± 2.5 m/s2 (Table 2.1).

2.3.4

Stroke group

The stroke group performed the squat with a similar vertical displacement, 8.4 ± 2.0 cm,
which did not differ from controls. However, they were unable to achieve the same
maximum vertical velocity or peak-to-peak acceleration (36.0 ± 9.3 cm/s, 5.6 ± 1.6 m/s2,
respectively; p<0.01) as the control group (Table 2.1). There was no detectable
difference in the movement onset between the paretic and non-paretic legs of 8.2 ± 73.9
ms, due to a large variation in responses with 9 of the subjects from the group of
seventeen initiating the squat with the non-paretic leg. Indeed, all of the subjects who led
with the non-paretic leg by greater than 50 ms (i.e. outside the range of control subjects)
were in the low motor recovery group and all of the subjects who led with the paretic leg
by more than 50 ms were in the high motor recovery group. Figure 2.2 shows that despite
similar mean values, the difference in onset of knee acceleration between legs had greater
variability in individuals after stroke than controls. After stroke, the duration of the
acceleration phase in the paretic leg increased in relation to the amount of lead time of the
paretic leg in the initiation of the squat (r= -0.55, p=0.03) with an earlier initiation of the
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Figure 2.1

Figure 2.1 Knee accelerations, center of pressure (COP) in anterior/posterior (A/P)
direction and electromyographic (EMG) signals for the right leg (solid line) and the left
leg (thin dotted line) of a representative subject in the control group. Traces are an
average of 10 squats. The first dashed vertical line represents the onset of movement
(start of acceleration), the second vertical line represents the end of acceleration/onset of
the deceleration phase and the third line denotes the end of the deceleration phase.
Posterior muscle groups (biceps femoris, soleus) are presented below the line with the
anterior muscle groups (rectus femoris, tibialis anterior) being presented above. Data
presented in this graph are smoothed for illustration purposes.
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Figure 2.2

Figure 2.2 Relationship between the duration of the acceleration phase and the
difference in movement onset between the paretic and non-paretic leg of individuals after
stroke (left), and the left and right leg of controls (right). In the control group, the squat is
initiated almost simultaneously with the left and right leg, with the time difference
between legs being from -50 to 50 ms (shaded area). For comparison, the same time area
is shaded on the left panel (stroke). Positive time difference values indicate that the nonparetic (stroke) or right (control) leg lead in movement initiation. If the subjects after
stroke lead with the paretic leg, there was a longer acceleration phase duration (r = -0.55).
This relationship is not found in controls. Five of six individuals after stroke with low
motor recovery (encircled on the left panel) lead with the non-paretic leg.
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Table 2.1 The displacement, maximum vertical velocity and peak to peak acceleration of
controls and individuals after stroke during fast squatting movements.
Parameter
Vertical Displacement (cm)
Maximum Vertical Velocity (cm/s)
Peak to Peak Acceleration (m/s2)
Values are mean ± standard deviation
*
p<0.05, compared to controls
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Controls

Stroke

9.6 ± 2.4

8.4 ± 2.0

54.9 ± 11.1

36.0 ± 9.3*

9.9 ± 2.5

5.6 ± 1.6*

paretic leg resulting in a longer acceleration phase; no such relationship was observed in
controls.

2.3.5

Anticipatory postural responses prior to squat

Preceding the onset of the knee acceleration, 11 of the 17 control subjects deactivated the
postural EMG activity in SOL (~60-80 ms before initiation of squat; Table 2.2). There
was a posterior shift in the COP in 16/17 controls in both legs that, on average, started in
advance of movement onset (left, -7.5 ± 95.0 ms; right -29.6 ± 74.0 ms; Table 2.2).
In the individuals after stroke, the tonic activity of the SOL was deactivated in 10 and 13
of the paretic and non-paretic limbs, respectively (~40 ms before initiation of squat; Table
2.2) and this did not differ significantly from controls. The mean onset of the COP
excursion in the non-paretic leg occurred significantly earlier than in controls (-69.5 ±
66.8 ms, p=0.01), whereas in the paretic leg the mean onset of the COP excursion was
coincident with the onset of the squat (1.3 ± 60.3 ms). In 12/17 subjects, an initial
posterior shift in the COP occurred bilaterally and the remaining five displayed
asymmetrical COP shifts between the legs with the initial COP displacement being
anterior in the paretic leg despite the COP in the non-paretic leg shifting posteriorly
(Figure 2.3a). This asymmetry occurred with minimal change in the weight distribution,
as determined by the change in Fz on each platform.

2.3.6

Acceleration phase

In controls, the mean EMG activity in the TA preceded the initiation of the squat by
approximately 15 ms. The mean onset of the BF burst was almost coincident with the
onset of the squat (Table 2.2). The BF burst was very small in magnitude (Table 2.3),
presumably reflecting the influence of gravity once the movement is initiated. In Figure
2.3b, the coupling of the timing of peak knee acceleration to the peak posterior COP
displacement is very tight with an average deviation from the line of unity of 5.4 ± 4.1
ms.
In individuals after stroke, there was a TA EMG burst in the paretic and non-paretic limbs
in all subjects. The latency, slope and area of the TA burst did not differ significantly
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Table 2.2 EMG latency and slope and COP of controls (right/left leg) and individuals
after stroke (paretic/non paretic leg) in the anticipatory and acceleration phases in ten
averaged squats.
Parameter

Muscle

Controls

Stroke

Left

Right

Paretic

Non-paretic

EMG
Latency (ms)
Burst

Tibialis Anterior

-17.3 ± 60.7

-12.8 ± 34.5

-3.8 ± 78.0

-23.9 ± 77.6

Burst

Biceps Femoris‡

8.2 ± 53.8

5.6 ± 45.6

90.3 ± 93.6*

84.5 ± 90.4*

Burst

Rectus Femoris

159.4 ± 39.9

154.7 ± 37.8

137.3 ± 92.6

147.0 ± 54.8

Deactivation

Soleus§

-82.5 ± 72.8

-56.6 ± 36.7

-42.3 ± 76.1

-40.3 ± 38.5

Tibialis Anterior

9.5 ± 5.2

11.4 ± 5.5

6.9 ± 4.2

7.3 ± 5.2

Biceps Femoris

13.8 ± 8.6

14.7 ± 7.6

7.8 ± 5.2*

10.5 ± 9.2

Rectus Femoris

12.2 ± 4.5

10.8 ± 4.9

10.1 ± 5.8

7.6 ± 5.7

-7.5 ± 95.0

-29.6 ± 74.0

1.3 ± 60.3

-69.5± 66.8*

Posterior Shift (% foot length)

8.6 ± 5.9

9.0 ± 5.7

7.3 ± 9.6

9.2 ± 4.3

Anterior Shift (% foot length)

30.3 ± 15.0

30.6 ± 13.3

23.7 ± 9.5†

19.2 ± 9.8*

Slope (au.)

COP
Latency (ms)

Values are mean ± standard deviation
a.u.(arbitrary unit)
*
p<0.05, compared to control
†
p<0.10, compared to control
‡
control: left n=15, right n=14; stroke: paretic n=10, non-paretic n=13
§
control: n=16; stroke: paretic n=14, non-paretic n=13
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Figure 2.3

Figure 2.3 Coupling of the time to peak acceleration and deceleration and peak COP
(posterior and anterior) displacement for non-paretic leg (open circles), paretic leg (black
circles/black circles with circles around), right leg (open triangles), and left leg (black
triangles). The solid line represents the line of unity, when the time to peak COP
posterior anterior displacement is equal to the time to peak acceleration or deceleration
amplitude. In the left two panels (a and c) the paretic leg of individuals after stroke from
the low motor recovery group are encircled. In the top two panels (a and b), where the
time to peak posterior COP displacement (displ.) is plotted against the time to peak
acceleration, four of six subjects in the low motor recovery do not have a posterior shift in
the COP in the paretic leg (a), while most of the controls fall on the line of unity (b). In
the bottom two panels (c and d), where the time to peak anterior COP displacement is
plotted against the time to peak deceleration, note that after stroke the subjects with low
motor recovery fall above the line of unity indicating that they were unable to stop their
COP displacement at the time of peak deceleration (c), while there is a tight coupling
around the line of unity for controls (d).
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Table 2.3 EMG area of controls (right/left leg),individuals after stroke (paretic/nonparetic leg) and high and low motor recovery group (paretic leg) in the acceleration and
deceleration phases in ten averaged squats.
Controls

Stroke

Muscle

Motor Recovery Group
Low

High

Paretic

Paretic

0.7 ± 0.5

0.7 ± 0.3

0.7 ± 0.2

9.6 ± 7.4†

12.2 ± 7.8

6.1 ± 5.2*

11.5 ± 7.9

3.5 ± 3.7

1.7 ± 1.1

2.3 ± 3.3

1.5 ± 1.0

1.8 ± 1.1

1.1 ± 0.3

1.3 ± 0.8

1.1 ± 0.7

0.9 ± 0.2

1.6 ± 0.9

1.7 ± 2.8

1.3 ± 0.8

1.1 ± 0.6

0.9 ± 0.4

0.8 ± 0.3

1.3 ± 0.7

15.9 ± 11.9

13.2 ± 11.0

12.2 ± 9.5

19.6 ± 14.5

7.7 ± 6.6

14.7± 10.1

Biceps Femoris

2.6 ± 2.0

3.3 ± 2.5

2.9 ± 1.8

3.1 ± 3.3

2.6 ± 1.4

3.1 ± 2.0

Rectus Femoris

9.7 ± 8.0

9.4 ± 7.2

6.0 ± 4.1*

5.3 ± 3.1*

4.2 ± 2.8†

7.0 ± 4.5

Left

Right

Paretic

NonParetic

1.1 ± 0.9

0.8 ± 0.6

0.7 ± 0.3

16.8 ± 13.2

14.3 ± 7.8

Biceps Femoris

2.9 ± 2.5

Rectus Femoris

1.3 ± 0.6

Acceleration Phase (a.u.)
Soleus
Tibialis Ant.

Deceleration Phase (a.u.)
Soleus
Tibialis Ant.

Values are mean ± standard deviation
Tibialis Anterior (Tibialis Ant.); a.u.(arbitrary unit)
*
p<0.05, compared to control
†
p<0.10, compared to control
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from controls but there was a trend for a decreased EMG area in the paretic TA in the
acceleration phase (p=0.09). On further examination, the low motor recovery group had
significantly less paretic TA EMG in the acceleration phase (p=0.04; Student’s t-test)
compared to controls. The latency of the paretic and non-paretic BF burst was
significantly delayed compared to controls (p=0.02). The slope of the paretic BF burst
was also 40% less than in controls (p=0.04; Table 2.2). The EMG area in the acceleration
phase of all other muscles recorded did not differ significantly from controls (Table 2.3).
The coupling of the time to peak knee acceleration and the time to peak posterior COP
displacement in the paretic and non-paretic legs (average deviation from the line of unity:
8.6 ± 3.3 ms; Figure 2.3a) was significantly different from controls when the five
individuals who did not shift their COP posteriorly were excluded from the analysis
(p=0.04).
Figure 2.4 depicts the knee acceleration, COP, and EMG of a representative subject after
stroke from the low motor recovery group (left panel) and the high motor recovery group
(right panel). There was no initial posterior COP displacement on the paretic side. The
non-paretic leg initiated the knee acceleration in advance of the paretic leg. The
activation of the paretic TA was delayed and there was no initial activation of the BF
muscles in either leg. The individual with high motor recovery had more symmetry in the
knee acceleration between legs, yet the onset of acceleration was first in the paretic leg.
The COP moved initially posteriorly on both sides.

2.3.7

Deceleration phase

In controls, the TA and BF bursts that initiated the squat continued into the deceleration
phase. Indeed, the magnitude of the EMG area for both muscles was just as large in the
deceleration phase as it was in the acceleration phase for the flexor muscles. The SOL
EMG activity that was shut down at the onset of the squat remained low in the
deceleration phase. The RF EMG activity preceded the start of the deceleration by 29.8 ±
45.6 ms on the left and 29.3 ± 38.9 ms on the right in control subjects. As the knee
reached peak deceleration, the COP reached its peak anterior displacement, with an
average deviation from the line of unity of 4.8 ± 3.6 ms (Figure 2.3d).
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Figure 2.4

Figure 2.4 Knee accelerations, center of pressure (COP) in anterior/posterior (A/P)
direction and electromyographic (EMG) signals for two representative subjects after
stroke from the low motor recovery group (left) and high motor recovery group (right).
All traces are averages of 10 consecutive squats. The onset of movement on the nonparetic leg is shown with dashed vertical line; thin line and grey shading represent the
paretic leg and the black line represents the non-paretic leg. Posterior muscle groups
(biceps femoris, soleus) are presented below the line with the anterior muscle groups
(rectus femoris, tibialis anterior) being presented above. Data presented in this graph are
smoothed for illustration purposes.
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In the stroke group, similar to controls, the RF EMG activity increased preceding the
deceleration phase (paretic 56.3 ± 84.6 ms; non-paretic 52.2 ± 64.6 ms). The areas of the
paretic RF (p=0.05) and non-paretic RF (p=0.04) were significantly less than controls.
Apart from RF, there was no significant difference in the EMG areas of other muscles of
the leg between controls and individuals after stroke (Table 2.3). The amplitude of the
anterior COP displacement during deceleration was reduced on the paretic (p=0.1) and
non-paretic legs (p=0.05) compared to the control group (Table 2.2, Figure 2.4). The
coupling of the time to peak knee deceleration and the time to peak anterior COP
displacement during the deceleration phase is disrupted after stroke; the deviation of
points from the line of unity of 21.8 ± 25.7 ms was significantly larger for the stroke
group compared to controls (p=0.01), with a tendency for deceleration to be more
impaired than acceleration (p=0.1). Additionally, in the stroke group the majority of the
points were found above the line of unity, meaning the peak anterior COP displacement
was reached after the peak deceleration in both the high and low motor recovery groups.

2.4

Discussion

Subjects after stroke performed fast squatting movements with less velocity and
acceleration and impaired muscle activation in both the acceleration (concentric muscle
action) and deceleration (eccentric muscle action) phases compared with control subjects.
Impaired muscle activation, including poor timing of muscle activity, reduced muscle
activity and excessive cocontraction, have been shown previously after stroke.16 The
current study expands upon this body of knowledge by demonstrating that, in the context
of fast functional movements, (1) concentric flexion is impaired as demonstrated by a
decreased paretic tibialis anterior burst area, and a delayed burst with reduced slope in the
paretic hamstrings, and (2) eccentric extension was also compromised as shown by a
reduced rectus femoris EMG burst and a reduced coupling of the postural adjustments
with the limb movement.
There were different motor control strategies observed between the low motor recovery
and the high motor recovery groups. Previous studies have found differences in motor
control strategies depending on the level of motor recovery, as defined by the CMSA.
Stability during a sit to stand transfer was found to be associated highly with the CMSA
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score40 and temporal symmetry during gait was moderately associated with the CMSA
score.41 In our study, the paretic tibialis anterior, which typically initiates the squatting
movement, had significantly less activity (as shown by the smaller EMG area) in the low
motor recovery group, and this was accompanied by an initiation of the squat with the
non-paretic leg. Leading with the non-paretic leg suggests a compensatory strategy of
overuse of the non-paretic leg to offset the weak activation of muscles in the paretic leg.
Indeed the reduction of such compensatory strategies form the foundation for therapeutic
interventions such as constraint induced movement therapy.42,43 While we have shown
previously the presence of compensatory strategies in favor of the non-paretic side,10 this
study is unique in finding an adaptive strategy in the paretic leg of the high motor
recovery group that could improve the symmetry of the squat. That is, the current study
demonstrated that the majority of subjects in the high motor recovery group initiated the
squat with the paretic leg which increased the duration of the acceleration phase of the
paretic leg. This suggests an adaptive strategy in which the subjects start accelerating the
paretic leg earlier to offset the muscle activation impairments.
To our knowledge, this research is the first to illustrate the tight coupling of the timing of
the peak knee acceleration and deceleration of the squat with the timing of the peak COP
displacement, possibly as a means to control the postural consequences of the movement.
Although it has been shown qualitatively that the peak posterior COP displacement
occurs during the acceleration phase of the squat,26,27 we have shown quantitatively that a
very tight coupling exists in the timing of these two parameters in control subjects. This
coupling was significantly impaired after stroke. That is, the rectus femoris was able to
slow down the movement of the knee but the COP for most individuals after stroke
continued to shift anteriorly after the peak knee deceleration was reached. The coupling
of the time to peak knee acceleration and deceleration with the peak posterior and anterior
COP displacement could be a useful parameter to evaluate postural control during the
squat and can be measured easily with an accelerometer and force plate.
The majority of studies investigate motor control in people in the chronic phase poststroke. While informative, these studies are less likely to guide treatment planning
because almost all rehabilitation services are provided in the first 6 months after stroke.
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In an effort to identify motor control impairments that may be used to guide therapeutic
decision making, people in the sub-acute phase of stroke (~ 3 months post-stroke) were
examined within a month of discharge from hospital rehabilitation. The demonstration of
residual impairment during a fast functional movement, even for the high motor recovery
group, reveals incomplete recovery after discharge from rehabilitation. It remains to be
determined whether functional movements, such as these fast squats, can be used to
encourage the retraining of advanced postural control that combines limb movement with
postural adjustments after stroke.
In conclusion, asymmetry in muscle activation patterns during fast squatting movements
was evident after stroke. The low motor recovery group was unable to adapt to the
disruption on the paretic side and depended on the non-paretic leg instead. The high
motor recovery group activated the paretic leg in an adaptive manner in an attempt to
make the movement more symmetrical. Irrespective of the extent of motor recovery,
there was deficiency in the coupling between the movement and the postural responses
required during the squat.
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Chapter 3
3

The effects of fast functional exercise on muscle activity
after stroke2
3.1

Introduction

Progressive resistance exercises are used commonly to improve muscle strength after
stroke.1-3 These studies do not distinguish between the neural and muscle hypertrophy
components of the strength gains; neural changes which can occur very quickly whereas
hypertrophy can take several weeks.4 The assumption that strength gains in the paretic
muscle will improve the performance of functional activities, such as dynamic balance
and mobility, has been challenged in recent reviews.5,6 For instance, a poor correlation
has been found between muscle strength and dynamic balance after stroke,7 whereas in
older adults, dynamic balance was associated with velocity of movement.8
Muscle power, the product of force and velocity, has been shown to be essential for
balance and mobility9 and is reduced after stroke.10 Indeed, velocity of movement may be
a more important component of power than force for functional movement.11 Deficits in
velocity are well-documented after stroke.12-14 Thus the retraining of power through
speed of movement and not only strength may be important for the rehabilitation of
balance and mobility after stroke.
The use of fast movements as an intervention has received little attention as a
rehabilitation strategy after stroke. Strength training does not translate to improved
muscle power post stroke3 but muscle power has been shown to increase in a group of
older adults employing fast velocity movements when compared to a strength training
group.15,16 Marigold et al17 included agility exercises in an exercise regimen in chronic
stroke patients and found improvements in reaction time and muscle activation in
response to platform perturbations in the agility group.
2
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Impairments in muscle activation during balance18 and gait 19 are well known following
stroke. Specific to fast functional movement, deficits in the muscle activation during fast
squatting movements have been reported previously.20 Whole body movements in
standing, like squatting and stepping, combine limb movement with the necessary
postural responses to maintain stable stance. We have shown that, during the squat, the
temporal coupling between the timing of the knee movement and the postural responses
elicited by the movement was impaired.20 Thus the retraining of fast functional
movements, such as squats, may be important for the coupling of balance with movement
after stroke.
It is not known if the speed of movement and muscle activation can be improved with fast
functional movement exercise in persons after stroke. Therefore, the aim of this efficacy
study was to determine if a single session of exercises emphasizing speed of movement
could improve muscle activation patterns and the speed of performance of the exercises.
It was hypothesized that a single session of fast functional exercises would increase the
EMG burst area and increase the speed of movement performance in persons after stroke.

3.2
3.2.1

Methods
Subjects

Subjects were included if they experienced hemiparesis as a result of a stroke, were
discharged less than one month from an inpatient stroke rehabilitation unit, and were able
to stand independently for one minute. Participants were excluded if they had other
neurological, cardiac, musculoskeletal or respiratory conditions that would interfere with
the study protocol. Thirty-two sex- and age- matched controls were recruited through the
University of Western Ontario and the Retirement Research Association associated with
the Canadian Center for Activity and Aging at the University of Western Ontario. The
study was approved by the Review Board for Health Sciences Research Involving Human
Subjects at the University of Western Ontario. All participants gave written informed
consent.
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3.2.2

Clinical Measurements

To describe the level of sensorimotor recovery in persons after stroke, standing balance,
motor recovery and sensation were assessed; standing balance was also assessed in the
control group. Standing balance was examined with the Berg Balance Scale.21 The Berg
Balance Scale has been identified as a tool for predicting recurrent falls in persons post
stroke after completing a rehabilitation program, with less than 49 out of 56 being at
risk.22 The Chedoke McMaster Stroke Assessment Impairment Inventory was used to
assess the motor recovery of the stroke group of the leg and foot.23 The scores of the leg
and the foot were combined for a maximal score of 14. Cutaneous sensation of the
plantar aspect of the foot and ankle proprioception were evaluated according to standard
clinical procedures.24 All clinical measurements were collected prior to the exercise.

3.2.3

Physiological Measurements

The EMG activity was recorded using single differential sensors (DE-2.3), 1.0 x 0.1 cm
strips with a fixed inter-electrode distance of 1 cm equipped with a preamplifier (gain:
1000 V/V; bandwidth: 20-450 Hz), (Delsys Inc, Boston, MA, USA). The sensors were
placed bilaterally over the muscle belly of the rectus femoris (RF), biceps femoris (BF),
tibialis anterior (TA) and soleus (SOL) muscle. A ground electrode was positioned over
the lateral malleolus.

3.2.4

Exercise Protocol

All subjects were fitted into a safety harness which did not provide any body weight
support during the exercises. The exercise protocol comprised, 50 fast squats and 50
steps. Rest breaks were given as needed. For the squats, subjects stood with each foot on
two separate adjacent AMTI OR6-6-1000 force platforms (Advanced Mechanical
Technology, Watertown, MA). Subjects performed a squat of approximately 30 degrees
of knee flexion following the instruction “unlock your knees and stop the downward
movement as quickly as possible”. There was 6 seconds between squats. For the steps,
subjects stood behind the force platforms and were instructed to step onto one of the force
platforms. The location of the starting position varied according to the length of step of
the individual. Subjects were instructed to “lean forward until you feel you are losing
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your balance and take a single step”. Subjects returned to the start position by pushing
back from the force platform with the stepping leg. Subjects completed 5 steps on one
leg before alternating to the opposite leg and this was continued until 50 steps with each
leg were completed.

3.2.5

Data Acquisition

The EMG signals were recorded using Myomonitor® IV Wireless Transmission &
Datalogging System with EMGWorks software (Delsys Inc, Boston, MA, USA) at a 2000
Hz sampling rate. A linear uniaxial accelerometer (Colbourn Instruments T45-10) was
attached to each knee superior to the patella since this is the best configuration to detect
the initial knee unlocking25 and has been used successfully to detect gait phases in healthy
subjects and individuals with hemiparesis with few errors.26 Simultaneous recording of
force and moment signals from the force platforms (6 from each platform) and the two
accelerometer signals was conducted using a separate 16-bit acquisition system (Power
1401 with Spike2 software, Cambridge Electronic Design, Cambridge, UK) at a sampling
rate of 500 Hz (force platform) and 1000 Hz (accelerometer). The recordings on both
acquisition systems were synchronized by a Delsys trigger module that provided a TTL
signal at the beginning of the EMG recording. The data were analyzed off line with
Spike 2 (Cambridge Electronic Design, Cambridge, UK).

3.2.6

Data Analyses

The onset of knee movement was detected when the slope of the acceleration curve was
greater than 0. The speed of the squat was obtained by combining the vertical ground
reaction forces (Fz) of the two force platforms and the resultant signal was used to
calculate the vertical acceleration (a) of the center of mass with the following formula,
a = 9.81×(Fz-W)/W, where W is the subject’s body weight.27 The vertical velocity of the
center of mass was obtained by the time integration of the acceleration curve. The speed
of the steps was determined as the peak positive amplitude from the knee accelerometer;
this measured the initial forward acceleration of the stepping leg.
To examine if the temporal coupling between knee movement and the postural responses
elicited by the squatting movement is adaptable with exercise, the difference in the timing
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of the peak knee acceleration and timing of the peak center of pressure (COP) excursion
in the anterior/posterior (AP) direction (acceleration-COP) was calculated according to
Gray et al.20 The arrows in Figure 3.1 illustrate the temporal coupling in the timing of the
peak knee acceleration with the peak posterior COP excursion (acceleration phase) and
the timing of the peak knee deceleration with the peak anterior COP excursion
(deceleration phase).
All EMG signals were rectified before averaging. For the squats, the EMG for each trial
was aligned to the onset of knee movement and the 50 trials (5 sets of 10 trials) were
averaged for 2 seconds starting 1 second before the onset of movement. Because of the
high inter-subject variability in the duration of the step, the steps were time normalized28
with the onset of knee movement of the stepping leg being 0% and the foot contact
detected by the initial deflection of Fz being 100%. The stepping and stance legs were
averaged separately in 5 sets of 10 trials. The second set of 10 trials for the steps and
squats, which will be referred to as “Start” and the last set, referred to as the “End”, were
used for data analysis. The first 10 trials were considered as practice for both groups for
both the squats and the steps.
A muscle burst was identified when the EMG activity was greater than the mean+2
standard deviations of the baseline activity, which was measured for 100 ms or 10% of
step duration during quiet stance prior to the squat or step, respectively. The EMG burst
area in the squats was defined as the area 75 ms before and after the peak EMG burst
amplitude. The EMG burst area of the step was defined as the area 15% of step duration
before and after the peak EMG burst amplitude. The EMG area was normalized by
dividing by the baseline area for the same duration during quiet stance preceding the
squat or the step.

3.2.7

Statistical Analyses

For all statistical analyses, the level of significance was set at an alpha value of 0.05.
Statistical analysis was performed using SPSS for Windows version 17.0 (SPSS, Chicago,
IL). Non parametric statistics were used because the data did not fulfill the criterion of
normality based on the Shapiro-Wilk Test. No differences between legs were found in
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any measured variables in the control group so the right and left legs were averaged. The
between-leg effects (paretic, non-paretic, control) were compared using a Kruskal-Wallis
Test for both the squats and steps at the Start for the EMG area, and the temporal
coupling in acceleration and deceleration phases for the squats, and the peak knee
acceleration amplitude for the steps. A Mann-Whitney U was used to compare the center
of mass velocity between the control and stroke groups in the squat exercises. When a
significant between-leg effect occurred, a Mann-Whitney U was used to determine the leg
difference. The effect of exercise (Start, End) was examined for each leg separately using
the Wilcoxon signed-rank test. Bonferroni corrections were performed to correct for
multiple comparisons with an adjusted p value (p≤0.025). All data are reported as mean
± standard deviation. Percentages were calculated as either ((stroke value/control value)
– 1) ×100% or (End − Start)/Start × 100%.

3.3

Results

Twenty-one males and 11 females with hemiparesis participated in the study; 4 had a
hemorrhagic stroke and 28 had an ischemic stroke. In the stroke group, 10 subjects had
right hemiparesis and 22 had left hemiparesis (see Appendix A for subject
characteristics). The mean age was 55.6 ± 13.5 years and the mean time post-stroke was
11.3 ± 4.1 weeks, with a hospital mean length of stay of 52.4±20.7 days (range: 18-89).
The mean Berg Balance Scale score was 52.1 ± 4.5 (range 40-56) out of 56 and the
Chedoke McMaster Stroke Assessment was 10.2 ± 3.1 (range: 6-14) out of 14.
Individuals in the stroke group were able to detect gross movements of the ankle. The
healthy group had a mean age of 56.1 ± 14.0 years and a mean Berg Balance Scale score
of 55.9 ± 0.2. The mean score of the Berg Balance Scale was significantly different from
the stroke group (p<0.000).

3.3.1

Squats

The velocity of the center of mass in the descent of the squat was 35.0% lower in the
stroke group (Start: 37.1 ± 10.4 cm/s) compared to the control group (Start: 57.1 ± 10.9
cm/s) (p<0.001). Over the course of the exercise, the center of mass velocity in the
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control group did not change (End: 55.8 ± 12.2 cm/s, p=0.51) but in the stroke group
there was a tendency for an increase of 7.0% (End: 39.6 ± 14.5 cm/s, p=0.12).
At the Start, the EMG burst area of the paretic TA was 21.9% lower than in controls
(p=0.002, Table 3.1). The soleus data are not presented for the squats because a SOL
burst was observed in less than one third of all subjects (10 control subjects and 7 stroke
subjects). Figure 3.1 depicts the knee acceleration, COP and EMG bursts from the paretic
leg in a representative subject in the stroke group. Comparing the Start to the End, there
were increases in EMG area in the paretic TA (28.0%, p=0.005), the paretic BF (27.3%,
p=0.001), and the paretic RF (23.6%, p=0.002). There were no significant changes in the
EMG area during the squats in the control group or the non-paretic leg.
The temporal coupling was impaired in the paretic leg, with larger differences in the
timing of knee movement with COP excursion in both the acceleration phase (p<0.001)
and the deceleration phase (p=0.01) than the control group (Figure 3.2). Improvements in
the temporal coupling in the acceleration phase occurred at the End of the squats, with a
decrease of 36.3 ms (p<0.001) in the paretic leg which brought the value into the normal
range. The temporal coupling in the deceleration phase improved by 7.8 ms (p=0.025) in
the paretic leg, whereas no significant changes were found in the non-paretic leg or
controls.

3.3.2

Steps: Stepping leg

At the Start, the peak knee acceleration amplitude was lower in both the paretic leg,
27.9% (p=0.01) and the non-paretic leg, 26.2% (p=0.02) than the control group. With
exercise, the peak acceleration amplitude increased by 13.6% (p=0.11) in the paretic leg
and 13.3% (p=0.02) in the non-paretic leg, although only the increase in the non-paretic
leg was statistically significant.
In the stepping leg, two bursts were observed in the BF, the first BF burst (1st BF) started
before the initial movement of the knee and the second burst occurred around foot contact
(2nd BF). At the Start, the EMG area was less than the control leg in the paretic SOL
(35.5%, p=0.01), paretic 1st BF (56.9%, p<0.001), paretic 2nd BF (58.0%, p<0.001),
paretic RF (59.6%, p=0.01) and non-paretic 2nd BF (55.7%, p<0.001) (Table 3.2). With
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Figure 3.1

Figure 3.1 Squat: Knee accelerations, center of pressure (COP) in anterior/posterior
(A/P) direction and electromyographic (EMG) signals (rectus femoris, biceps femoris,
tibialis anterior) for a representative subject from the stroke group. All traces are
averages of 10 trials at the Start of the squats (gray shading) and 10 trials at the End of the
squats (black line). The onset of movement of the non-paretic leg is shown with a solid
vertical line. The temporal coupling between knee movement and COP excursion is
shown in the acceleration phase (first arrow) and the deceleration phase (second arrow).
Data presented in this graph are smoothed for illustration purposes.
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Table 3.1 EMG area of the paretic, non-paretic and control legs at the Start and End of the
squats.
Paretic
Muscle

Start

Non-Paretic

Control

End

Start

End

Start

End

16.0±13.6†

16.3±12.1

17.6±14.1

22.2±16.4

21.6±15.8

EMG area (a.u.)
Tibialis Anterior 12.5±10.0*
Biceps Femoris

2.2±2.7

2.8±2.4†

2.7±3.2

2.6±2.8

3.1±2.0

2.9±2.2

Rectus Femoris

7.2±8.6

8.9±11.4†

7.3±7.6

7.5±7.6

10.2±7.6

10.1±7.6

Mean ± Standard Deviation.
a.u. (arbitrary unit)
*
p≤0.025 between paretic and control leg.
†
p≤0.05 between Start to End.

58

Figure 3.2

Figure 3.2 The temporal coupling of peak knee movement and COP excursion in
acceleration (panel A) and deceleration (panel B) for the paretic, non-paretic and control
legs at the Start of the squats (white bar) and the End of the squats (black bar). * denotes
significant difference Start to End and significant difference paretic to control.
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Table 3.2 EMG area and knee acceleration of the paretic, non-paretic and control stepping
leg at the Start and the End of the steps.
Paretic
Muscle

Non-Paretic

Control

Start

End

Start

End

Start

End

2.0±1.8*

2.9 ±3.1

2.6±1.9

3.2±1.7

3.1±2.0

3.4±2.7

15.9±10.3

16.3±9.9

17.2±13.3

17.5±11.3

19.0±12.3

18.8±11.5

1st Biceps Femoris

2.5±4.0*

3.1±3.8

3.4±3.1*

3.5±2.8

5.8±6.3

6.0±7.1

Rectus Femoris

6.3±4.0*

9.7±4.5†

9.4±10.6

12.8±15.5†

15.6±17.5

15.9±14.4

2nd Biceps Femoris

3.7±3.4*

5.6±4.3†

3.9±2.9

5.3±4.2†

8.8±7.3

8.6±7..5

Knee ACC(m/s2)

4.4±2.1*

5.0±2.3

4.5±2.5*

5.1±2.4†

6.1±3.9

6.6±3.7

EMG area (a.u.)
Soleus
Tibialis Anterior

Mean ± Standard Deviation.
ACC (acceleration); a.u. (arbitrary unit)
*
p≤0.025 between paretic and control leg.
†
p≤0.05 between the Start and End.
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Figure 3.3

Figure 3.3 Stepping: Knee acceleration and electromyographic (EMG) signals for two
representative subjects from the stroke group. Panels A and B are the non-paretic
stepping leg and the paretic leg in stance from the same subject and Panel C is the paretic
stepping leg of a different subject. All traces are averages of 10 trials at the Start (gray
shading) and End (black line). The onset of movement of the paretic leg is the first solid
line and the second solid line is foot strike. For all panels, the movement onset is
determined by the stepping leg. Data presented in this graph are smoothed for illustration
purposes.
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Table 3.3 EMG area of the paretic, non-paretic and control legs in the Start and End of
the stance leg during steps.
Paretic
Muscle

Non-Paretic

Control

Start

End

Start

End

Start

End

2.1±2.0*

2.7 ±2.3†

2.0±1.6*

3.4 ±3.9

3.9±3.0

3.9±3.3

17.6 ± 12.7

16.6±11.8

EMG area (a.u.)
Soleus

10.7±12.1 11.6±12.6* 11.2±12.0

Tibialis Anterior

10.7±11.1*

Biceps Femoris

3.3±3.6*

3.8±2.8

4.8±3.7

4.9±3.3

6.7 ± 5.2

6.8 ±6.4

Rectus Femoris

2.8±3.4

4.0±5.9†

4.2±5.1

4.0±3.5

4.1±4.3

4.2±3.9

Mean ± Standard Deviation.
*
p≤0.025 between paretic and control leg.
†
p≤0.05 between Start and End.
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exercise, an increase in the EMG area was evident in the paretic 2nd BF (51.4%, p=0.001),
paretic RF (54.0%, p<0.001) non-paretic RF (36.2%, p=0.02), non-paretic 2nd BF
(35.9%, p=0.006) at the End compared to the Start (Figure 3.3A,C). There were no
significant changes in the EMG area or knee acceleration in the stepping leg in the control
group.

3.3.3

Steps: Stance leg

At the Start, the stroke group had lower EMG areas in the paretic SOL (46.1%, p=0.008),
paretic TA (39.2%, p=0.008), paretic BF (50.7%, p<0.001), non-paretic SOL (48.7%,
p=0.008) and non-paretic TA (34.1%, p=0.02) compared to the control leg (Table 3.3).
With exercise, no changes in EMG parameters in the stance leg were found in the control
group. However, the EMG area increased in the paretic SOL (28.6%, p=0.02) and the
paretic RF (42.9%, p=0.025) (Figure 3.3B).

3.4

Discussion

The main findings of this study are that exercise comprising fast functional movements
improves the muscle activation after stroke. The improvement in muscle activation was
accompanied by an improved temporal coupling of the movement with the postural
responses during a squat and a tendency for increased speed of performance of the squats
and steps.
The functional movements were performed more slowly in the stroke group than in the
control group. There was a tendency for the exercise to elicit an increase in the speed of
movement but a significant change in performance may require more than a single
session of exercise. Importantly, the current study demonstrated the ability for the EMG
area to increase with a single session of exercise.
Deficits in EMG area were not observed in all paretic muscles. Previous research has
shown that the type of contraction influences the degree of deficits demonstrated in the
paretic muscles, with greater preservation of force during eccentric contractions and
greater deficits during concentric contractions.29,30 This may explain why deficits in the
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paretic tibialis anterior were observed in the squats because the tibialis anterior acts
concentrically to initiate the squat. Rectus femoris did not differ from control group,
possibly because rectus femoris controls the end position of the squat eccentrically.
In the squats, the paretic EMG areas reached values similar to the control group at the
End except for the TA muscle. In addition, the temporal coupling of the paretic leg
movements with the COP excursion approached control values. The improved temporal
coupling may have resulted from the larger EMG activation which advanced the timing of
the peak movement acceleration. It is possible that the bilateral nature of the squat was a
factor mediating the improvement because bilateral tasks, albeit examined in the upper
extremity, demonstrated an increase in peak velocity and improved symmetry compared
to unilateral training.31,32
During the steps, similar improvements were observed in both the paretic and non-paretic
leg, with increases in the EMG area of the rectus femoris and 2nd bicep femoris bursts
suggesting better control of the knee and hip for weight acceptance. Importantly, the
increased speed and EMG area of the non-paretic stepping leg was accompanied by an
increase in the soleus and the rectus femoris EMG areas in the paretic stance leg, thereby
providing an increase in the extensor muscle activation of the paretic stance leg to support
the non-paretic leg when stepping. Increased speed of the non-paretic step has great
functional relevance as persons after stroke rely on stepping strategies to maintain balance
after standing perturbations.33
Although speculative, the mechanisms underlying the changes in EMG area and temporal
coupling may be attributed to either an increased excitability at the alpha motor neuron
level34 or an increase in cortical excitability35. Perez et al35 examined healthy individuals
performing a motor learning task comprising voluntary ankle movements for 32 minutes
and observed an increased cortical excitability in the motor cortex area of the tibialis
anterior. The improvements in temporal coupling may be attributed to changes at the
cortical level because the coordination of the timing of the COP displacement with knee
movement is unlikely to occur at the level of the motor neuron.
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This feasibility study demonstrated that a single session of exercise comprising fast
functional movements can evoke changes in muscle activation in the sub-acute phase in
persons with mild to moderately severe strokes. These changes were accompanied by
improved temporal coupling of the movement and postural control elements of the squat
and an increased speed of stepping in the non-paretic leg. It is not known if comparable
changes can be evoked in persons with more severe strokes. Although the appropriate
dosage of a fast functional exercise program to instill retention remains to be determined,
the results of this study bode well for future randomized controlled trials to examine the
effectiveness of training speed of movement on balance and mobility following mild to
moderately-severe stroke.
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Chapter 4
4

Retraining postural responses with exercises
emphasizing speed post-stroke3
4.1

Introduction

In the last 25 years, the stroke mortality rate has declined and the survival rate has
increased1 with stroke being a leading cause of long-term disability in the United States.2
Thus more individuals are living with functional limitations that persist for years
including deficits in standing balance resulting from impairments in sensation, motor
control and coordination.3 Balance deficits are common after stroke and are associated
with an increased risk of falling.4
Methods of studying standing balance have incorporated internal and external
perturbations to postural equilibrium. The reaction to an internal perturbation is a
postural response to adjust the center of mass (COM) with respect to the base of support
in a feedforward manner to maintain equilibrium.5 An internal perturbation created by a
unilateral arm raise in the sagittal plane to horizontal, displaces the COM anteriorly and is
countered by a postural response preceding the arm raise movement, which produces
increased muscle activity in the hamstrings, gastrocnemius and erector spinae muscles.
The postural response serves to counteract the destabilizing effects of the arm raise by
predicting the size of the perturbation and producing an appropriate centrallyprogrammed response.6
The arm raise internal perturbation has been well characterized in stroke.7,8 The ability to
modulate the appropriate responses is impaired with a delayed onset of muscle activity in
the paretic biceps femoris (BF) and paraspinal muscles8,9 and a reduced
electromyographic (EMG) BF burst area amplitude8 suggesting a failure to coordinate the
3
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postural muscles with the voluntary movement. While the acceleration of the arm raise is
challenging to standardize across individuals, limbs or sessions, another internal
perturbation, the load drop task, can keep the size of the perturbation constant. This task,
in which subjects drop a standard load held with the arm extended horizontally, features
an anticipatory reduction of EMG activity in the hamstrings muscle.10-12
The ability to generate a fast movement with the paretic muscles post-stroke is impaired,
as evident by the inability to increase the EMG amplitude13 or to increase torque14-16 with
increasing velocity of movement. There is considerable research to support resistance
exercise to strengthen the paretic muscles17-20 but there is less evidence to demonstrate
that strength improvements transfer to functional activities unless the training is taskspecific.21,22 In older adults, muscle power (the product of force and velocity) is a
predictor of balance and functional mobility,23-25 thus speed of movement may be an
important component to train after stroke to improve the postural responses necessary for
balance.
The purpose of this study was to determine if a single session of exercises emphasizing
speed of movement can improve the postural responses associated with an internal
perturbation in individuals post-stroke. A secondary aim was to determine if there was
short-term retention of the improvements in the postural response that were observed at
the end of the exercises.

4.2

Methods

Thirty-two individuals with hemiparesis following a stroke were recruited upon discharge
from an inpatient rehabilitation hospital from April 2006 until July 2009. Subjects were
included if they could stand independently for one minute and had no other neurological,
cardiac, musculoskeletal or respiratory conditions that interfered with the study protocol.
A control group matching the stroke group for age and sex was recruited from the
University of Western Ontario and the Retirement Research Association associated with
the Canadian Center for Activity and Aging at the University of Western Ontario. All
subjects were informed of study procedures and gave written consent according to the
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policies of the Review Board for Health Sciences Research Involving Human Subjects at
the University of Western Ontario.
In describing the subject characteristics, functional balance was assessed in all
participants with the Berg Balance Scale (BBS), which is comprised of 14 tasks scored on
a 5-point scale. The tasks include maintaining static position, altering the center of mass
with respect to the base of support and reducing the base of support. The BBS has been
established as a valid and reliable measure of functional balance in people post-stroke.26
In the stroke group, motor recovery and sensation were assessed. The Chedoke
McMaster Stroke Assessment (CMSA) Impairment Inventory for the leg and foot was
used to assess motor recovery. The leg and foot items of the CMSA measure motor
recovery on a 7-point scale with 1 being no recovery and 7 complete recovery.27 The
scores were combined to give a maximal score of 14. Cutaneous sensations of the plantar
aspect of the foot and ankle proprioception were evaluated according to standard clinical
procedures.28 All clinical measurements were collected prior to the exercise.
Subjects performed an exercise protocol of fast movements, 50 squats and 50 steps.
Briefly, this involved performance of small squats to about 30° knee flexion emphasizing
a quick downward movement and steps with both legs in which individuals leaned
forward until they felt they were going to lose their balance and then took one protective
step. The effects of the exercise protocol on remodeling muscle activation patterns have
been reported previously.29,30
The anticipatory postural responses in standing were tested before the exercises (Pre),
immediately after the exercises (Post) and 15 minutes after the exercises ended
(Retention), using two internal perturbation tasks: unilateral arm raise and load drop
tasks. Subjects performed 10 trials of the arm raise of the non-paretic arm (or dominant
arm, for controls) to horizontal as fast as possible. Subjects were allowed to sit during the
session if required to prevent fatigue. Subjects also performed 10 trials in which they
dropped a 2.2 kg weight that was held in the non-paretic (or dominant, for controls) hand
with the arm extended horizontally in front of them.
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All subjects wore a safety harness which did not provide body weight support and stood
with their feet on two adjacent AMTI OR6-6-1000 force platforms (Advanced
Mechanical Technology, Watertown, MA). First, subjects were asked to stand in a
comfortable position and the outlines of the feet were traced on paper taped to the force
platform to ensure subjects assumed the same position on the force platform in each of
the three testing occasions.
The EMG activity was recorded using differential sensors (DE-2.3), 1.0 x 0.1 cm strips
with a fixed inter-electrode distance of 1 cm equipped with preamplifier (gain: 1000 V/V;
bandwidth: 20-450 Hz) (Delsys Inc., Boston, MA, USA). The sensors were placed
bilaterally over the muscle belly of the rectus femoris (RF), biceps femoris (BF), tibialis
anterior (TA) and soleus (SOL) muscle. A ground electrode was positioned over the
lateral malleolus. The EMG signals were recorded using Myomonitor® IV Wireless
Transmission & Datalogging System with EMGWorks software (Delsys Inc, Boston,
MA, USA) at a 2000 Hz sampling rate.
A linear accelerometer was taped to the dorsal aspect of the web space between the first
and second digit of the non-paretic hand (or dominant hand in controls) for the arm raise
task and on the dorsal, distal aspect of the index finger for the load drop task. Force and
moment signals from the force platforms (six from each platform) and the accelerometer
signal were recorded simultaneously with the EMG signals using a separate 16-bit
acquisition system (Power 1401 with Spike2 software, Cambridge Electronic Design,
Cambridge, UK) at a sampling rate of 500 Hz (force platform) and 1000 Hz
(accelerometer). The EMG and force recordings were synchronized and saved for offline analysis.
The linear accelerometer was used to measure the peak tangential acceleration in the arm
raise task and was used to detect the onset of movement in the arm raise and load drop
tasks. Accelerometry has been used to detect phases of gait in healthy and individuals
with hemiparesis with few errors.31
All analyses were performed using Spike 2 (v.6.03) software (Cambridge Electronic
Design, Cambridge, UK). The recorded signals were calibrated before analysis. The
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onset of movement was detected on the acceleration trace when the first derivative of the
signal was greater than 0. EMG, COP and accelerometer signals for the 10 trials of each
task were averaged for 2 s starting 0.7 seconds before the onset of movement.
In the arm raise task, the dependent variables examined were the EMG slope, EMG peak
area, COP velocity, arm acceleration and the vertical ground reaction force. In the load
drop task, the dependent variables were the anticipatory EMG deactivation area and
vertical ground reaction force. The slope of the EMG burst was calculated as the slope of
the linear fit between the burst onset and peak and was normalized by dividing by the
peak amplitude. The EMG peak area was measured for 75 ms before and after the peak
of the EMG burst (150 ms total). A baseline area of the same duration, measured starting
500 ms before the arm raise was subtracted. The resultant EMG peak area was
normalized by dividing by the baseline area. For the load drop task, the anticipatory
EMG deactivation area was measured 100 ms immediately preceding the load drop.11
This area was subtracted from a pre-load drop EMG area of the same duration, measured
starting 500 ms before the load drop and the resultant anticipatory EMG deactivation area
was normalized by dividing by the pre-load drop EMG area. Thus larger values reflect
more anticipatory deactivation of the EMG activity. The average COP velocity was
calculated as,

where N is the number of data sets, dt is the sampling interval and L is the COP length of
path, calculated as,

where x and y are the coordinates of the COP.
In both the arm raise and the load drop tasks, the stroke group was subdivided based on
the vertical ground reaction force which is an indication of the weight bearing symmetry
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during the tasks. The asymmetrical group was vertical ground reaction force <45% on
the paretic leg and the symmetrical group was vertical ground reaction force ≥45% on the
paretic leg. The purpose was to determine if individuals bearing less weight on the paretic
leg showed improved symmetry after exercise.

4.2.1

Statistical analysis

Statistical analysis was performed using SPSS for Windows version 17.0 (SPSS, Chicago,
IL). Missing data from equipment failure was coded as missing data. Two-way mixed
model repeated measures analyses of variance were used with factors of group (stroke,
control) and time (Pre, Post, Retention) as the repeated measure to assess differences in
the dependent variables for the paretic and non-paretic legs, separately. For the group
comparisons, the paretic leg was compared to the non-dominant leg of controls and the
non-paretic leg to the dominant leg of controls because the unilateral arm raise and load
drop tasks resulted in different muscle activity in the two legs. Newman-Keuls post hoc
comparisons were used to detect any significant differences between the mean values.
For the dependent variables not normally distributed a non-parametric repeated measures
comparison was performed (Friedman’s test) and significant differences were examined
further with the Wilcoxon Signed-Rank test. For the between group differences, the
Mann-Whitney test was used.
Several secondary statistical analyses were performed. Student’s t-tests were used for
differences in the vertical ground reaction force of the symmetrical and asymmetrical
stroke subgroups. To determine if the side of the paresis (dominant or non-dominant
side) influenced the postural responses, a sub analysis using a two way mixed model
repeated measures analysis of variance with factors of paresis (dominant, non-dominant)
and time (Pre, Post, Retention) as the repeated measure was performed. Non-parametric
tests were used as stated above when the data were not normally distributed. Student’s ttests were used to detect differences in the CMSA and BBS when the paretic limb was
dominant versus non-dominant.
The level of significance was set at p<0.05 for all analyses. Normally distributed data are
presented as means and standard deviations and data not normally distributed as a median
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and range from the 25th to the 75th percentile. Statistical analysis was run on the raw data
and the data is expressed as percentages in the text. The percent difference between
groups was calculated as (stroke value/control value) −1 × 100% and difference in PrePost and Pre-Retention is expressed as percent change ((Post−Pre)/Pre × 100% or
(Retention−Pre)/Pre ×100%).

4.2.2

Sample size calculation

The sample size was calculated based on the EMG burst slope data from two previous
studies, the first with individuals one month post-stroke and healthy young individuals32
and the second with young and elderly healthy and hemiparetic subjects.8 EMG
parameters were not expected to change after exercise in the control group, so
calculations were based on the expected change of the paretic EMG burst slope of
individuals post-stroke. The expected mean change during the short-term practice was
estimated from the change found in a single bout of practice in individuals post-stroke.33
Cirstea et al33 found a statistically significant increase between 30% and 50% in
performance variables, thus the sample size was estimated based on a 30% increase in the
EMG burst slope of BF in the paretic leg from the aforementioned studies. For the
paretic EMG burst slope the expected mean change was 1.8 (3.5) a.u. thus the sample size
is 30.34 An additional 2 subjects were recruited to account for equipment failure, thus 32
subjects post-stroke were recruited for the stroke group and were matched for age and sex
by 32 healthy individuals (control group).

4.3

Results

The stroke group was comprised of 21 males and 11 females; 5 subjects were left hand
dominant and 27 were right hand dominant. Ten subjects post-stroke had hemiparesis on
the right side and 22 on the left side, 13 dominant and 19 non-dominant paretic (see
Appendix A for subject characteristics). Four of the participants sustained a hemorrhagic
stroke and 28 had an ischemic stroke. The mean age of the subjects in the stroke group
was 55.6 (13.5) years and the time post-stroke was 11.3 (4.1) weeks (range: 3 to 13). The
BBS for the participants post-stroke was 52.1 (4.5) out of 56 (range: 40-56) and the
CMSA was 10.2 (3.1) out of 14 (range: 6-14). Sensation was intact in all individuals.
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The mean age of the individuals in the control group was 56.1 (14.0) years and BBS score
was 55.9 (0.2) out of 56. Two of the control subjects were left hand dominant and 30
were right hand dominant.

4.3.1

Arm Raise Task

The control group bore weight symmetrically (Pre-exercise mean of 48.5% on the nondominant (mostly left) leg) and this did not change with exercise (Figure 4.1). The stroke
group was not significantly different from controls but there was a high degree of
heterogeneity in the stroke group. Consequently, the stroke group was divided into two
subgroups: an asymmetrical subgroup (n=17) and a symmetrical subgroup (n=13). The
asymmetrical subgroup had a mean CMSA score of 9.9 (2.6) and the symmetrical
subgroup had a CMSA score of 11.6 (2.2). Post-exercise, there was an 8.3% shift in
weight to the paretic leg in the asymmetrical group (p=0.002), which was maintained at
Retention 9.6% (p=0.001). Figure 4.1A shows the substantial improvement in symmetry
in the asymmetrical subgroup (triangles & dashed line), whereas there was no difference
in the control group or symmetrical stroke subgroup.
A SOL burst was evident in less than a quarter of the subjects in both groups. Similarly,
the TA and RF muscles were not consistently activated, with only half of participants in
both groups having an EMG burst. All subjects in the control group activated the BF
muscle consistently in both legs and all subjects in the stroke group had a burst in the
non-paretic BF (30 subjects activated the paretic BF). The hamstrings is considered the
prime muscle in producing a feedforward response to the arm raise perturbation.7 Thus,
the remainder of the paper will focus on the BF muscle.
The arm acceleration of the stroke group before exercise was significantly less (36.2%)
than the control group (p<0.001). Post-exercise increases in arm acceleration for stroke
(6.5%) and control (5.2%) groups were not statistically significant and returned to Preexercise values at Retention (Table 1). These increases were not statistically significant
and returned to Pre-exercise values at Retention (Table 4.1).
Before exercise, the BF EMG burst slope was less in the stroke group compared to
controls by 38.1% (p<0.001) and 19.5% (p=0.040) on the paretic and non-paretic side,
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Figure 4.1

Figure 4.1 The group means of the vertical ground reaction forces of the stroke group
(squares) and the control group (circles) with standard error bars. The stroke group was
divided into subgroups with symmetrical (symm), ≥45% weight on the paretic leg
(diamonds) and asymmetrical (asymm), <45% weight distribution on the paretic leg
(triangle) for the arm raise (A) and load drop tasks (B) for Pre, Post and Retention.
*

group differences, symmetrical and asymmetrical, p<0.05; †within group differences (Pre

to Post; Pre to Retention), p<0.05.

78

Table 4.1 Biceps femoris EMG slope and peak area, arm acceleration, and COP velocity
of controls and individuals after stroke during the unilateral arm raise at Pre exercise, Post
exercise and Retention.
Control
Pre

Post

Stroke
Retention

Pre

Post

Retention

Normally distributed data expressed as mean (standard deviation)
Biceps Femoris slope (a.u.)
Nondominant/
Paretic

10.6 (3.9)
n=31

11.9 (3.5)
n=31

11.7 (3.2
n=31

6.6 (3.9)*
n=30

8.2 (3.8)†
n=30

8.5 (4.0)†
n=30

Dominant/
Non-paretic

8.0 (3.4)
n=31

9.0 (3.5)
n=31

8.8 (3.1)
n=31

6.4 (2.9)*

n=32

7.4 (3.1)
n=32

7.5 (3.5)
n=32

69.9 (25.8)
n=31

66.6 (27.5)
n=31

46.5 (20.7)*
n=31

49.5 (17.5)
n=31

47.8 (15.9)
n=31

Acceleration (m/s2)
66.4 (26.9)
n=31
COP velocity (cm/s2)
Nondominant/
Paretic

6.3 (2.8)
n=29

7.3 (3.5)
n=29

6.9 (3.3)
n=29

4.9 (2.5)
n=30

6.2 (3.2)†
n=30

6.6 (3.1)†
n=30

Dominant/
Non-paretic

7.5 (2.4)
n=31

8.2 (3.2)
n=31

8.1 (3.8)
n=31

5.7 (2.1) *
n=30

6.5 (2.5)†
n=30

6.9 (2.4)†
n=30

Non normally distributed data expressed as range of 25th and 75th percentile (median)
Biceps Femoris EMG area (a.u.)
Nondominant/
Paretic

3.7 to 15.7
(6.5)
n=31

3.7 to 16.5
(6.9)
n=31

3.8 to 17.5
(7.2)
n=31

1.7 to 3.3*
(2.6)
n=28

2.2 to 4.3†
(3.0)
n=28

2.0 to 5.3†
(3.7)
n=28

2.3 to 11.7
(5.5)
n=31

3.2 to 12.6
(5.7)
n=31

3.2 to 13.9
(6.4)
n=31

*

Dominant/
Non-paretic

2.1 to 4.8
(3.0)
n=31

2.4 to 6.1
(3.9)
n=31

2.1 to 6.1
(3.8)
n=31

COP (center of pressure)
*
between group differences Pre exercise, p<0.05
†
within group differences (Pre to Post; Pre to Retention), p<0.05
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respectively. After exercise, the BF EMG slope increased by 25.4% (p<0.001) in the
paretic leg and by 15.7% (p=0.053) in the non-paretic leg. This increase in EMG burst
slope was maintained at Retention in the paretic leg (29.5%; p<0.001 (Table 4.1). The
Pre-exercise value for the EMG peak area was 72.3% (p<0.001) and 35.5% (p=0.15) less
than controls in the paretic BF and non-paretic BF, respectively. Post-exercise, the EMG
peak area increased in the paretic BF by 39.3% (p=0.004). These increases in the paretic
BF were maintained at Retention (48.5%; p=0.003). There was no difference in EMG
slope or peak area in the control group across Pre, Post and Retention testing (Table 4.1).
Figure 4.2 depicts the arm acceleration and BF EMG for a representative subject in the
stroke group (A) and the control group (B).
Compared to controls, the COP velocity Pre-exercise in the stroke group was 23.6%
(p=0.19) less on the paretic side and 22.6% less on the non-paretic side (p=0.022). Postexercises, the COP velocity increased on both the paretic and non-paretic sides by 25.9%
(p=0.001) and 13.7% (p<0.001), respectively. The COP velocity remained higher at
Retention compared to Pre-exercise (34.0% paretic p<0.001; 20.9% non-paretic p<0.001).
There was no significant change in the COP velocity over time in the control group.

4.3.2

Load Drop Task

Figure 4.3 depicts the anticipatory EMG deactivation area of the BF for a representative
control subject and two individuals in the stroke group. The two individuals post-stroke
demonstrate two different ways of improving the anticipatory EMG deactivation area by
increasing the EMG modulation (Stroke A) or by shifting the onset of the anticipatory
EMG deactivation (Stroke B). The BF anticipatory EMG deactivation area was
significantly smaller by 67.3% in the paretic leg (p=0.004) compared to the control group
Pre-exercise (Table 4.2). There was an increase in the anticipatory EMG deactivation
area of the paretic BF of 59.9% Post-exercise (p=0.029) and a tendency for this
improvement to be retained (51.0%; p=0.080). There was no difference between the nonparetic leg and control group and no changes with exercise.
As in the arm raise task, there was no difference in weight bearing between the stroke
group and the control group in the load drop task before exercise (Figure 4.1B). However
80

Figure 4.2

Figure 4.2 Arm acceleration and biceps femoris EMG signals during the arm raise task.
A representative subject from the stroke group (A) and a representative subject from the
control group (B). Traces are an average of the 10 arm raise trials, thin black line with
gray shading (Pre-exercise), thick black line (Post-exercise) and dashed line (Retention).
The vertical line represents the onset of movement. Data presented in this graph are
smoothed for illustration purposes.
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Figure 4.3

Figure 4.3 Biceps femoris EMG from a representative subject from the control group and
two from the stroke group of the paretic/non-dominant (A) and non-paretic/dominant side
(B). Traces are an average of 10 load drop trials, thin black line with gray shading (Preexercise), thick black line (Post-exercise) and dashed line (Retention). The vertical line
represents the onset of load drop. Data presented in this graph are smoothed for
illustration purposes.
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Table 4.2 Load Drop: Anticipatory EMG deactivation area in the biceps femoris of
controls (non-dominant/dominant leg) and individuals after stroke (paretic/non-paretic) at
Pre exercise, Post exercise and Retention.
Control
Pre

Stroke

Post

Retention

Pre

Post

Retention

Biceps Femoris (au.)
Nondominant/
Paretic

0.33 (0.29)
n=29

0.32 (0.25)
n=29

0.32 (0.26)
n=29

0.11 (0.21)*
n=30

0.19 (0.20)†
n=30

0.16 (0.21)†
n=30

Dominant/
Nonparetic

0.55 (0.15)
n=30

0.51 (0.18)
n=30

0.53 (0.16)
n=30

0.47 (0.19)
n=30

0.50 (0.19)
n=30

0.49 (0.21)
n=30

*
†

between group differences Pre-exercise, p<0.05
within group differences (Pre to Post; Pre to Retention), p<0.05
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when the stroke group was divided into asymmetrical and symmetrical subgroups, a
significantly reduced weight bearing on the paretic side before exercise was observed in
the asymmetrical subgroup (n=12), compared to the symmetrical subgroup (p=0.002) as
seen in Figure 4.1B. In the asymmetrical subgroup, the mean CMSA score was 9.9 (2.6)
and the CMSA score in the symmetrical subgroup was 11.6 (2.2). The asymmetrical
subgroup showed improvements in weight bearing after exercise of 7.2% (p<0.001) on
the paretic leg, which continued to be significant at Retention (11.2%; p=0.001).

4.3.3

Paresis of the dominant side vs Paresis of the non-dominant
side

In the stroke group, the paresis was on the dominant side for 13 individuals and on the
non-dominant side for 19, thus the arm raise task was performed with the non-dominant
and dominant arms in the stroke group. There was no statistical difference in the
magnitude of the arm acceleration of the non-dominant (50.8 (25.4) m/s2) and the
dominant arm (44.0 (17.0) m/s2). From a functional perspective, individuals with paresis
on the dominant side had significantly higher BBS scores (54.8 (2.0)) than when the nondominant side was the paretic (50.1 (5.1)) (p<0.001).
The force platform measures were influenced by the side of paresis. In the Pre-exercise
arm raise task, the vertical ground reaction force was symmetrical when the dominant
side was paretic (47.6% of total vertical ground reaction force) but asymmetrical when
the non-dominant side was the paretic (43.7% of total vertical ground reaction force;
p=0.023). The Pre to Post and Pre to Retention differences were not significant. Preexercise there was no group differences in COP velocity but Post-exercise when paresis
was on the non-dominant side the COP velocity increased in the paretic leg by 32.7%
(p=0.006) which was maintained at Retention (44.6%, p<0.001). The increase in COP
velocity when the dominant side was the paretic side was not significant (p=0.29). There
was no effect of side of paresis on any EMG parameters in either task or on the vertical
ground reaction force in the load drop task.
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4.4

Discussion

The purpose of this study was to determine if postural responses can be modified poststroke by a single session of exercise emphasizing speed of movement and if these
changes showed any short-term retention. The main findings of this study were that after
exercise: 1) improvements in paretic muscle activation were evident by the increased BF
EMG slope and area during the arm raise task and improved anticipatory BF EMG
deactivation in the load drop task, and 2) individuals with weight-bearing asymmetry
after stroke accepted more weight on the paretic leg in the post exercise arm raise and
load drop. In addition, the vast majority of the changes were retained 15 minutes after the
end of the exercises.
EMG slope: This study demonstrated that exercises focusing on speed produced faster
muscle activation (larger slope) in a non-practiced balance task than before the exercises.
It is possible that the increase in EMG slope during the arm raise task was related to the
small (but non-significant) increase in the arm acceleration after exercises, which
occurred in the control and stroke groups because it is known that as the velocity of
movement increases the slope of EMG increases.35 The increase in EMG slope in the
stroke group cannot be attributed solely to this for four reasons. First, in the control
group there was no significant increase in EMG slope despite the similar increase in arm
acceleration. Second, the arm acceleration values in both groups returned to Pre-exercise
levels at Retention yet the increase in EMG slope was maintained in the stroke group.
Third, there were also a small (but non-significant) differences in the arm acceleration
between the dominant and non-dominant arms in the stroke group yet there were no
differences in the EMG parameters between these two subgroups. Fourth, the velocity
changes in Corcos et al35 study were very large compared to the modest (and nonsignificant) change in arm acceleration observed in the current study. It is more likely
that the increase in EMG slope can be attributed to neuromuscular mechanisms resulting
from the exercise. It has been shown previously in healthy individuals that velocityspecific training leads to selective recruitment of fast motor units36 and increased
instantaneous discharge frequency,37 both of which would increase the EMG burst slope.
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EMG area: EMG area also increased in the arm raise task after exercise emphasizing
speed of movement. EMG area also increases in the presence of muscle fatigue38 and the
exercise protocol could conceivably be fatiguing for the stroke group. It is important to
note that the increase in EMG area was maintained in the retention period, when subjects
rested for 15 minutes and engaged in conversation with the investigators. The effects of
fatigue recover quickly upon rest.39,40 Furthermore, Boyas et al41 fatigued the ankle
plantarflexor muscles and examined the effects on postural control and any fatiguerelated effects recovered within 10 minutes. The increase in EMG area is unlikely to be
strictly a function of muscle fatigue and can be attributed to the improved neuromuscular
activation evoked by the exercise.
Anticipatory EMG deactivation: The advantage of the load drop task was a
standardization of the internal perturbation because of the aforementioned effects of the
amplitude of the arm acceleration in the arm raise task on the magnitude of the postural
sway and the EMG burst area.32 This load drop task has been used previously to show
clear anticipatory postural adjustments in controls and reduced anticipatory postural
adjustments after stroke, with an inability to modulate the deactivation of the biceps
femoris with changes in load drop direction.12 In the present study, we found a
significantly reduced anticipatory EMG deactivation area of the BF preceding the
movement, indicating an improved anticipatory postural response to the internal
perturbation. It is possible that this requirement to modulate hamstring activity during the
exercise transferred to the load drop task. Because the stepping exercise required an
initial lean, the hamstrings muscle activity was larger than in quiet stance and showed a
clear pattern of deactivation during the step
Center of pressure: The COP velocity has been shown to play a major role in control of
balance.42 In static standing, the COP velocity was found to be a useful measure to
classify elderly fallers and non-fallers, with the fallers having larger velocity values.43
This suggests that, increases in COP velocity during quiet stance may reflect poorer
standing balance. The current study, however, investigated dynamic balance and the
increase in COP velocity does not necessarily reflect deterioration in balance. That is, the
COP velocity was smaller in the stroke group than the control group. McCrory et al44
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also found COP velocity was smaller in pregnant fallers compared to pregnant non-fallers
in platform translations. Postural sway incorporates sensory information to explore the
limits of stability, thus increases in postural sway are not necessarily an indication of
balance deficits but rather an exploratory mechanism to maintain balance.45
Previous research by Anker et al46 showed that COP velocity was greater on the loaded
limb when in asymmetrical stance.44 In the current study, the increase in COP velocity
was greater in the stroke group when the paresis was on the non-dominant side. In our
study, those subjects with paresis on the dominant side had less impairment to balance
(higher BBS scores) and symmetrical weight bearing compared to subjects with paresis
on the non-dominant side. This finding is similar to that reported by Harris and Eng47 in
which individuals with paresis on the dominant side had fewer impairments in the upper
extremity than those with paresis on the non-dominant side. The finding that subjects
with paresis on the dominant side were less impaired than those with paresis on the nondominant side may be related to asymmetries in the brain with the dominant side having a
larger representation.48 Alternatively, individuals may be more motivated to use the
paretic side when it is the dominant side than when it is the non-dominant side.
One limitation in this study is the short retention period, although we speculate that
multiple sessions would be required for long-term retention and/or functional gains. In
this efficacy study, we also employed a healthy control group to inform the muscle
activation patterns and force platform data; however, a control group of individuals after
stroke would be required to establish effectiveness of the fast exercises.

4.5

Conclusion

In conclusion, before the exercises subjects post-stroke had smaller arm acceleration, and
reduced EMG slope, EMG peak area and COP velocity than controls during the arm raise
task. There was also a subgroup of subjects with stroke that demonstrated less symmetry
with increased weight bearing on the non-paretic leg. The load drop task reaffirms an
asymmetrical weight bearing pattern and impairment in the biceps femoris burst
deactivation before exercise. After the fast functional exercises that emphasized speed of
movement, the stroke group improved the biceps femoris EMG activity in both the arm
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raise and load drop tasks, which was maintained in the retention testing. Those subjects
that were initially asymmetrical in their weight bearing shifted the weight to the paretic
leg to become more symmetrical. Thus, exercises emphasizing speed of movement were
efficacious in improving the postural responses to internal perturbations post-stroke. This
suggests that speed of movement may be an important component to train after stroke to
improve the postural responses necessary for balance.

4.6

Role of the funding source

The Heart and Stroke Foundation of Ontario (grant no. HSFO NA5585) provided
financial support.
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Chapter 5
5

Open Kinetic Chain Exercises emphasizing speed poststroke
5.1

Introduction

Reduced muscle power has been associated with limitations in functional activities poststroke.1 Muscle power, the product of force and velocity, reflects the ability of the
muscle to produce force rapidly. It has been shown previously that deficits in muscle
force can be retrained after stroke2-4 but the improvements do not necessarily transfer to
functional activities involving dynamic balance and mobility.5-7 Dynamic balance and
mobility do not necessarily require strong contractions but quick contractions, thus speed
is important to consider post-stroke. The ability to generate fast movements in the knee is
impaired after stroke, especially when the movement velocity increases beyond 300°s-1.8
In healthy subjects, as velocity increases, the EMG amplitude increases; however in
paretic muscles, such modulation of EMG amplitude with velocity was not found.9
Therefore, retraining velocity of movement may be an important component of the
rehabilitation of dynamic balance and mobility.
Balance deficits are common after stroke and as functional impairments increase the risk
of falling increases.10 Disturbances to balance when expected can be counteracted with a
feedforward postural response.11 These responses are centrally programmed and
counteract the effect of a disturbance to postural equilibrium by predicting the size of the
disturbance.12 After stroke, the ability to modulate the appropriate responses is impaired
with a delayed onset of muscle activity in the paretic biceps femoris and paraspinal
muscles13-15 and a reduced EMG burst amplitude.16 The altered EMG burst has been
linked to an increase in fall risk with unexpected translations.17
Rehabilitation programs incorporate functional tasks which are called closed kinetic chain
(CKC) exercises in which the distal segment is fixed to a surface and the joint moves in
conjunction with the surrounding joints. A second type of exercise one can use is an open
kinetic chain (OKC) exercise where the distal segment is free to move. Functional tasks
sometimes incorporate a combination of both CKC and OKC; for example, in gait the
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swing phase of the leg is OKC and the stance phase is CKC. OKC exercises have been
commonly examined in knee rehabilitation following injury and/or surgery, with evidence
of greater strength improvements in OKC exercises than CKC exercises18,19 and greater
rectus femoris EMG activation in OKC.20 A single session of CKC exercises
emphasizing speed of movement has been shown to evoke modification in the muscle
activation patterns in sub-acute patients with mild to moderately severe stroke.21 OKC
exercises could provide an alternative for improving balance after stroke for individuals
who are lower functioning or have other conditions that would make it difficult to
perform exercises in standing.
The purpose of this pilot study was to determine if retraining muscle activation patterns
and speed of movement could be accomplished through the use of single joint OKC
exercises in sitting. A secondary objective was to examine if improvements in the muscle
activation and/or speed of movement would result in improved performance of a postural
control task.

5.2

Methods

Eleven individuals with hemiparesis from a stroke who were less than one year poststroke were recruited. The study inclusion criteria included individuals who were able to
stand independently for at least one minute. Individuals were excluded if they had other
neurological, cardiac, musculoskeletal or respiratory conditions that would interfere with
the study protocol. Participants gave written informed consent before entry into the
study. All procedures were approved by the University of British Columbia Clinical
Research Ethics Board.
For the exercise protocol, subjects were seated in a Biodex multi-joint dynamometer
(System 4, Biodex Medical Systems, Shirley, NY, USA) which was set to isotonic mode
with a set torque of 0.5 Nm and an unconstrained velocity. The range of motion for the
exercises was customized for each individual, based on their ability to generate the
movement through the range. Subjects were secured with two diagonal straps across the
chest and a seatbelt applied over the hips to minimize compensatory movements during
the exercises. The first exercise consisted of 50 repetitions of flexion and extension of the
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knee performed in groups of 5 repetitions with a 45 s rest period between each group of 5
repetitions. Subjects were seated in a slightly reclined position with the hip at an angle of
approximately 95° and rotational axis of the dynamometer was oriented to the lateral
condyle of the femur. The leg was secured to the dynamometer arm attachment with a
Velcro strap which was approximately 2 cm above the lateral malleolus. The exercise
was started at the limits of knee flexion and subjects were instructed to, “straighten their
leg and then bend it back as fast as possible”.
The second exercise consisted of 50 repetitions of dorsiflexion and plantarflexion of the
ankle. Subjects sat in a slightly reclined position with the knee and hip at approximately
110° and 140° of flexion, respectively. The foot was strapped tightly to the ankle
attachment footplate with the lateral malleolus oriented to the rotational axis of
dynamometer. The exercises started at the limits of dorsiflexion and subjects were
instructed to, “push down and pull up as fast as possible”. Both exercises were performed
with the non-paretic side first, followed by the paretic side. Movement velocity from the
Biodex was displayed on the computer monitor and visual feedback was provided to the
subjects on the velocity of movement during the rest period.
For the postural control task, participants stood on two adjacent AMTI OR6-6-1000 force
platforms (Advanced Mechanical Technology, Watertown, MA) and performed 10 trials
of an arm raise perturbation that involved movement of the non-paretic arm to horizontal
as fast as possible. A linear accelerometer was taped between the first and second digit
on the dorsal aspect of the web space of the non-paretic hand. Before starting, subjects
were asked to stand in a comfortable position and the outlines of the feet were traced on
paper taped to the force platform to ensure subjects assumed the same position on the
force platform during the tests before and after the exercises. Simultaneous recording of
force and moment signals from the force platforms (six from each platform) and the
accelerometer signal was conducted using a 16-bit acquisition system (Power 1401 with
Spike2 software, Cambridge Electronic Design, Cambridge, UK) at a sampling rate of
500 Hz (force platform) and 1000 Hz (accelerometer).
Surface electromyographic (EMG) activity was recorded with the TeleMyoTM 2400
Direct Transmission System (Noraxon, USA Inc.) with a low pass filter of 500 Hz. Pre97

gelled disposable 10 mm diameter silver-chloride surface electrodes (Bortec Biomedical)
arranged in a bipolar configuration (2 cm inter-electrode distance) were placed bilaterally
over the muscle belly of the soleus (SOL), tibialis anterior (TA), biceps femoris (BF) and
rectus femoris (RF) muscle. An additional linear accelerometer was taped on top of the
accelerometer described above. The EMG and accelerometer signals were amplified and
digitized with a sampling rate of 1500 Hz and recorded in MyoResearch XP and later
exported to Spike 2 (Cambridge Electronic Design, Cambridge, UK) for analysis. A
sharp tap on the accelerometers, recorded on both systems, at the beginning and the end
of data collection was used to synchronize the EMG and force platform recordings.
During the exercises, the peak velocity, range of motion and power of the knee extension
and flexion and ankle plantarflexion and dorsiflexion movements were obtained from the
Biodex System 4 computer software. The position and velocity of the knee and ankle
were collected simultaneously with Power 1401 and Spike 2 system (Cambridge
Electronic Design, Cambridge, UK) at a sampling rate of 500 Hz. As described above
accelerometer signals registered on both systems allowed the synchronization of the EMG
signals with the joint movement. The accelerometer was moved to the knee and the ankle
during the exercises. The onset of the knee flexion and extension and ankle dorsiflexion
and plantarflexion movements was detected by the initial change from zero (rise or drop)
in the velocity curve. EMG signals were rectified and averaged in 5 sets of 10 trials over
1 s starting 0.4 s before the onset of the knee or ankle movement.
The dependent variables examined in the exercises were the EMG area, peak velocity,
power and range of motion. The EMG area was measured over the first 100 ms after the
movement onset. A baseline area during quiet sitting was measured for the same duration
and subtracted. The resultant EMG area was normalized by dividing by the baseline area.
The dependent variables examined in the arm raise task were the EMG peak area, center
of pressure (COP) velocity and arm acceleration. The 10 trials of the arm raise were
averaged over 2 s starting 0.7 s before the onset of movement, according to the onset of
the arm acceleration. The onset of arm raise was detected when the first derivative of the
acceleration curve was greater than zero. A burst was defined as an increase in EMG
greater than two times the baseline activity. The EMG peak area was measured for 75 ms
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before and after the peak of the EMG burst (150 ms total) and a baseline area of the same
duration, measured starting 500 ms before the arm raise was subtracted. The resultant
EMG peak area was normalized by dividing by the baseline area. For force platform
measures the COP in anterior-posterior and medial-lateral directions was determined from
the recorded force and moment signals and the average COP velocity was calculated
during the arm raise as,

where N is the number of data sets, dt is the sampling interval and L is the COP length of
path, calculated as,

where x and y are the coordinates of the COP.
Statistical analysis
Statistical analysis was performed using Statistica version 6.0 (StatSoft, Inc. Tulsa, OK).
For analysis of normality, the Shapiro-Wilk Test was used. When the data were not
normally distributed, non-parametric statistical tests were used.22 For the exercises,
differences between the paretic leg and the non-paretic leg were assessed based on the
first averaged 10 trials (Set 1) using a t-test for normally distributed data and a MannWhitney U for data that was not normally distributed. For the effects of exercise, the
average of 10 trials over the 50 repetitions generated 5 sets and Set 2, 3, 4, 5 was
compared back to Set 1. A repeated measures analysis of variance (ANOVA) was used
for within group effects for normally distributed data and when significant, a post hoc
analysis was performed with a Tukey’s HSD. For data that were not normally distributed,
a Friedman ANOVA was used and when significant, a post hoc analysis with the
Wilcoxon Test was conducted and a Bonferroni correction to adjust the p value for
multiple comparisons was applied. For the arm raise task, the dependent variables were
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compared for the Pre exercise and Post exercise averaged trials with a t-test for normally
distributed data and a Mann-Whitney U for data that were not normally distributed. The
level of significance was set at p ≤ 0.05 and, given this was a pilot study, trends were
considered between p>0.05 and p <0.10. Data are presented as mean ± standard
deviation. except where noted.

5.3

Results

The characteristics of the eleven participants are summarized in Table 5.1. The mean age
of the participants was 71.4 ± 6.9 years (range 59 to 82) and the average time post-stroke
was 6.0 ± 3.7 months. Four of the individuals had right sided hemiparesis and 7 had left
sided hemiparesis. The mean CMSA for the leg was 5.5 ± 0.7 (range 4 to 6) and foot was
4.7 ± 1.3 (range 3 to 6) and the mean BBS was 50.4 ± 6.5 (range 37 to 56).

5.3.1

Exercises

5.3.2

Ankle Movements

There were missing data due to technical difficulties during the exercises; the sample size
for the paretic side was n=10 and the non-paretic was n=9. The paretic ankle active range
of motion (44.1± 5.9º) was significantly less than the non-paretic side (52.8 ± 10.6º). The
range of motion did not change with exercises in either the paretic (Set 5: 44.3 ±6.0º) or
non-paretic ankle (Set 5: 52.6 ± 12.6º) by the end of the exercises. The EMG for tibialis
anterior and soleus muscles and the peak velocity tracings during a single trial of ankle
plantarflexion and dorsiflexion are presented in Figure 5.1 (top panel) for two
participants, one with a CMSA of the foot of 6 and another with a CMSA of the foot of 3.
The TA EMG burst was initiated well in advance of the dorsiflexion movement and the
SOL EMG burst started at the onset of the plantarflexion movement or slightly
afterwards.
Figure 5.2 depicts the group means and standard errors for the 5 sets during the ankle
exercises for the EMG areas of the tibialis anterior and soleus muscles and the peak
velocity and power. In the dorsiflexion component of the exercise (Figure 5.2A), the
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Table 5.1 Characteristics of subjects.
Subject

Age (years)

BBS
( /56)

CMSA
Leg( /7)

CMSA
Foot ( /7)

Side of
Paresis

Gait aid

1

70

55

6

6

Right

no

2

82

52

6

6

Left

walker

3

70

42

5

4

Right

cane

4

62

50

6

6

Right

cane

5

69

56

6

5

Left

cane

6

72

53

6

5

Left

no

7

81

52

6

5

Right

no

8

72

55

6

6

Left

no

9

59

37

4

3

Left

walker

10

72

51

5

3

Left

cane

11

76

51

5

3

Left

cane
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Figure 5.1

Figure 5.1 The EMG for the tibialis anterior (TA), soleus (SOL), biceps femoris (BF) and
rectus femoris (RF) paretic muscles and velocity for two single trials in the first 10 trials
of ankle dorsiflexion and plantarflexion (top panel) and knee extension and flexion
(bottom panel) in two participants (A) with CMSA scores of the foot = 6 and leg = 6 and
(B) CMSA scores of the foot = 3 and leg = 5. The gray shaded area is the tibialis anterior
or rectus femoris muscle and the thick black line is the soleus or biceps femoris muscle.
The solid line represents the onset of ankle plantarflexion or knee extension and the
dashed line is the onset of ankle dorsiflexion or knee flexion.
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paretic TA EMG area was smaller than the non-paretic in Set 1. The paretic TA EMG
area increased by Set 5 and the non-paretic TA EMG area increased significantly at Set 3
and persisted until Set 5. There was a tendency for the peak velocity to be less in the
paretic dorsiflexors than non-paretic dorsiflexors in Set 1. The peak velocity of the
paretic ankle dorsiflexors increased in Set 2 and continued to be significant until Set 5.
Similar to the pattern observed in peak velocity, the dorsiflexor power of the paretic ankle
was significantly less on the paretic side than the non-paretic side in Set 1 and the peak
velocity increased in the paretic ankle in Set 3 and continued to be elevated at Set 5. No
changes were observed in peak velocity or power in the non-paretic dorsiflexors.
In the plantarflexion component of the exercise (Figure 5.2B), the EMG area of the
paretic SOL was significantly different from the non-paretic SOL in Set 1. There was no
change observed in the EMG area of the paretic SOL, however the EMG area of the nonparetic SOL increased by Set 5. The peak velocity and power of the paretic plantarflexors
was significantly smaller than the non-paretic plantarflexors in Set 1. There was a
tendency for the peak velocity of the paretic plantarflexors to increase in Set 5. The
increase in power was evident in both the paretic and non-paretic plantarflexors in Set 2
and Set 3, respectively and the increase persisted until Set 5.

5.3.3

Knee Movements

There were missing data due to technical difficulties during the exercises; the sample size
for the paretic and non-paretic sides was n=10. The active range of motion of the paretic
knee (92.2 ±11.4º) did not differ from the non-paretic knee (94.4 ± 17.9º) at the start of
the exercises and did not change with exercises in either the paretic (Set 5: 92.1 ± 11.6º)
or non-paretic sides (Set 5: 93.7 ± 17.8º). The EMG for the rectus femoris and biceps
femoris muscles and peak velocity tracings during a single trial of knee flexion and
extension are presented (Figure 5.1, bottom panel) for the same two participants with a
CMSA of the leg of 6 and for an individual with a CMSA of the leg of 5. Both the RF
and BF EMG bursts were initiated before the onset of the movement.
Figure 5.3 depicts the group means and standard errors over the 5 sets during the knee
exercises for the EMG area of the rectus femoris and biceps femoris muscles and the peak
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Figure 5.2

Figure 5.2 The EMG area for the tibialis anterior and soleus muscles, peak velocity and
power over the 50 trials averaged in sets of 10 trials for ankle dorsiflexion and ankle
plantarflexion of the non-paretic side ( ) and the paretic side (). Data are presented as
means ± SE. between group ×p≤0.05, ‡p≤0.1; within group *p≤0.05, †p≤ 0.1 from Set 1.
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Figure 5.3

Figure 5.3 The EMG area for the rectus femoris and biceps femoris muscles, peak
velocity and power over the 50 trials averaged in sets of 10 trials for knee extension and
knee flexion of the non-paretic side ( ) the paretic side (). Data are presented as
means ± SE. between group ‡p≤0.1; within group *p≤0.05, †p≤ 0.1 from Set 1.
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Table 5.2 Arm Raise: Biceps femoris EMG slope and peak area and COP velocity for
the paretic and non-paretic leg Pre exercises and Post exercises
Paretic

Non-paretic

Pre

Post

Pre

Post

EMG area (a.u.)

4.3 ± 4.7

5.9 ± 4.1*

5.4 ± 4.2

6.9 ± 6.5

COP velocity (cm/s)

4.1 ± 1.7

5.1 ± 2.5†

5.3 ± 2.0

6.1 ± 2.5

COP (center of pressure); a.u. (arbitrary unit)
*
p≤0.05 between Pre and Post; †p≤0.1 between Pre and Post
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velocity and power for the knee extensors and flexors. In the knee extension component
of the exercise (Figure 5.3A), there was an increase in the paretic RF EMG area in Set 5
and in the non-paretic RF EMG area increased in Set 2 and continued to be significant
until Set 5. The peak velocity of the paretic knee extensors was significant in Set 3 and
continued to be significant until Set 5. The non-paretic knee extensors increase in Set 4
and continued to be significant in Set 5. There was a tendency for the paretic knee
extensor power to be less than the non-paretic side. The power of the paretic knee
extensors increased significantly in Set 2 and continued to be significant until Set 5
whereas the non-paretic knee extensor power significantly increased in Set 4 and Set 5.
In the knee flexion component of the exercise (Figure 5.3B), there were no significant
group differences in the BF EMG area, peak velocity or power. In both the paretic and
non-paretic BF, the EMG area increased significantly in Set 2 and continued to be
elevated in Set 5. The peak velocity of the paretic knee flexors increased in Set 5 and the
non-paretic knee flexors increased in Set 3 and continued to be significant in Set 5. The
power increased in the paretic knee flexors in Set 2 and in the non-paretic knee flexors in
Set 3 and both continued to be significant in Set 5.

5.3.4

Arm Raise Task

Of the four muscles measured, only the BF had a burst during the arm raise task in all
subjects (except one); two persons had SOL and TA bursts and four had a RF burst. Thus
only the BF is presented for the arm raise task. The paretic BF area increased from Pre to
Post exercise (38.0%; p=0.02) (See Table 5.2). There was a significant increase in the
arm acceleration from the Pre exercise (28.2 ± 12.7 m/s2) to Post exercise (36.9 ± 15.4
m/s2) of 30.7% (p=0.02) and there was a tendency for the COP velocity to increase in the
paretic leg by 24.6% (see Table 5.2).

5.4

Discussion

This study examined the effect of a single session of seated open kinetic chain exercises
emphasizing speed of movement on the muscle activation patterns after stroke. The main
finding is that individuals after stroke were able to produce faster movements with a
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larger EMG burst in all of the paretic muscles except the paretic soleus at the end of the
exercises. The second part of this study was to determine if the improvements in the
exercises in sitting which do not require postural responses would transfer to a postural
task in standing. There was evidence the improvements observed in the exercises
transferred to the standing postural task. There was a significant increase in arm
acceleration and EMG area of the paretic biceps femoris in the postural task after the
exercises, however there was only a tendency for the COP velocity to increase.
In this study, we observed a modulation of the EMG area of the paretic muscles as the
velocity of movement increased during the exercises. During the ankle exercises, an
increase in the paretic ankle dorsiflexor peak velocity was accompanied by an increase in
paretic tibialis anterior EMG area. During the knee exercises, as the peak velocity of the
knee extensors and flexors increased the paretic rectus femoris and paretic biceps femoris
EMG area increased. Clark et al.9 examined the paretic knee extensors in individuals
more than 18 months post-stroke who had almost full range of motion and could move
limb against gravity and found that, as velocity increased from 30º/s to 240 º/s, the EMG
amplitude did not increase. Our study has demonstrated that even after a single session of
exercises the paretic muscles are able to modulate changes in the EMG burst with
increasing velocities. The improved modulation of EMG area observed in this study may
be a more effective muscle activation from the central nervous system by activating the
muscles earlier or a change in the recruitment and firing rate patterns of the motor units.
The peak angular velocities reported in this study in the knee extensor, ankle
plantarflexors and dorsiflexors of the non-paretic limb are comparable to values reported
in healthy older adults.23-25 There is no research to date reporting the velocity of knee
flexion in older adults. One difference in this study was subjects pushed against a
constant torque of 0.5 Nm, whereas other studies23-25 used a constant torque set at 20% of
the subjects maximum voluntary contraction.
Sayer et al.26 demonstrated in older adults that a training program with high speed and
low external resistance improved peak velocity compared to slow velocity high resistance
training. In fast velocity exercises, an increase in power27,28 and improvements in
functional performance29,30 has been reported in older adults. In our study, we observed
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an increase in the peak velocity of the non-paretic knee extensors and flexors during the
knee exercise, which was accompanied by an increase in EMG area of the non-paretic
biceps femoris and rectus femoris. Thus, the increase in peak velocity generated by the
non-paretic knee extensors and flexors in the current study (mean age 70 years) are
consistent with previous studies.23-25 This would indicate that the exercises emphasizing
speed of movement may not only benefit the paretic muscles after stroke but may benefit
the non-paretic muscles as well.
Motor recovery after stroke has been characterized by a predictable pattern of
movements, the stereotypical pattern of limb synergies is the first voluntary movement.31
These patterns of recovery have been captured in the Chedoke McMaster Stroke
Assessment Inventory Scale with stages of 3-5 being characterized by synergist
movements. In this study, there were seven participants with a CMSA foot score equal to
or less than 5 and four participants had a leg score equal to or less than 5 which in most
cases is characterized by some degree of synergy and increased tone. This pattern would
make it difficult to move between the two movements quickly. In Figure 5.1B the
individual generated the ankle movements at a slower velocity than the individual with a
higher level of motor recovery in Figure 5.1A and clearly had difficulty performing the
sinusoidal movements. However, during the knee movement the individual with low
motor recovery in Figure 5.1B did not have difficulty generating the quick movements
although the EMG was impaired with an overlap of RF and BF activity.
Open kinetic exercises, such as those evaluated in the current study, are not considered
functional movements because it is rare for movements to occur in a single joint; instead
movements usually involve a coordination of multiple joints. We have demonstrated
previously that fast functional movements, comprised of squats and steps, evoked
changes in the muscle activation patterns and there was a tendency for speed of
movement to increase in a single session of 50 repetitions. The benefits of the open
kinetic exercises in this study is that the compensatory mechanism of overuse of the nonparetic limb which has previously been reported32 cannot be a strategy used during these
exercises. Thus repetitive single joint movements performed during one session are
associated with changes in muscle activations post-stroke and these findings are in
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agreement with changes evoked in muscle activation patterns in closed kinetic
exercises.21
In the arm raise task, there was an increase in the biceps femoris EMG area and arm
acceleration after the exercises. In a previous study33 we reported no change in arm
acceleration following fast movement exercises of squats and steps but the arm
accelerations were larger than in this study. In this study, the arm accelerations may be
smaller because on average the participants were 15 years older, thus the smaller
acceleration may have provided for a greater opportunity for improvement.
The COP velocity has been shown to play a major role in the control of balance.34 In
static standing, the COP velocity was found to be a useful measure to classify elderly
fallers and non-fallers, with the fallers having larger velocity values.35 Smaller values in
both COP velocity and COP displacement reflect better balance in static stance but a
recent study on dynamic balance published by Carpenter et al.36 found the opposite.
When an individual’s sway was restricted by locking the COM, the COP displacements
increased in the anterior posterior direction indicating that postural sway may be used to
incorporate sensory information to explore the limits of stability. Therefore, an increase
in postural sway does not necessarily indicate balance deficits but rather an exploratory
mechanism to maintain balance.36 In our study, the COP velocity increased after
exercises and the postural task was not static but involved a dynamic movement thus one
would expect an increase in COP displacement and velocity to be an indication of the
exploration one’s limits of stability. This is in line with the report of McCrory et al37,
where pregnant fallers had smaller COP velocities compared to pregnant non fallers in
translation perturbations of a platform.
In conclusion, this pilot study demonstrated that single joint exercises can increase the
velocity, power and EMG area in both the paretic and the non-paretic limbs after stroke.
There is an indication that, on the basis of the biceps femoris EMG area and arm
acceleration data, improvements may be transferred to an arm raise task which was not
practiced.
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Chapter 6
6

General Discussion
6.1

Overview

The results of this thesis have implications for the effects of the velocity of movement
post-stroke. Collectively it was demonstrated that: 1) persons post-stroke produce slower
movements than controls, 2) muscle activation patterns are impaired during fast
movements, 3) a single session of exercises emphasizing speed of movement can evoke
changes in the muscle activation patterns in both closed kinetic chain (CKC) and open
kinetic chain (OKC) exercises, and 4) improved performance of CKC and OKC exercises
emphasizing speed of movement transferred to improvements in postural control, as
assessed by the arm raise (CKC and OKC) and load drop (CKC) tasks.
In Chapter 2, it was demonstrated that, individuals after stroke moved slower during a fast
squatting movement compared to age- and sex-matched controls, as indicated by the
reduced center of mass (COM) velocity. There was a delay in the paretic biceps femoris
(BF) electromyographic (EMG) activity and a reduced BF EMG slope. In both the
paretic and non-paretic rectus femoris (RF) the EMG area was reduced. The temporal
coupling of the peak center of pressure (COP) displacement and peak knee acceleration
was impaired. The peak knee acceleration amplitude occurred after or before the peak
COP posterior displacement and the peak knee deceleration amplitude occurred after or
before the peak COP anterior displacement. When the stroke group was divided into a
low motor recovery group (≤9 on the Chedoke McMaster Stroke Assessment (CMSA) of
the leg and foot combined) and a high motor recovery (≥10 on the CMSA of the leg and
foot combined), the low motor recovery group had a smaller paretic tibialis anterior (TA)
EMG area. The smaller TA EMG area may indicate an inability of the central nervous
center to effectively activate the muscles, either by a delayed response of the muscle or an
altered recruitment and firing rate pattern of the motor units. There were two different
strategies for initiating the squat. The first was a compensatory strategy used by the low
motor recovery group, which involved initiating the squat with the non-paretic leg. The
second strategy was an adaptive one used by the high motor recovery group, whereby the
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squat was initiated with the paretic leg and there was an earlier onset relative to the nonparetic leg.
In Chapter 3, it was demonstrated that a single session of exercises emphasizing speed
elicited improved muscle activation patterns. In the fast squatting movements, there was
an increase in the EMG area of the paretic TA, BF and RF and an improved temporal
coupling of the peak center of pressure (COP) displacement and peak knee
acceleration/deceleration amplitude at the end of the squats compared to the start. In the
stepping exercises, there was an increase in the EMG areas of the paretic BF and RF
muscles in the stepping leg. When the paretic leg was the stance leg, there was an
increase in the EMG areas of the paretic soleus (SOL) and RF EMG area. These increase
in EMG area were accompanied by an increase in peak knee acceleration amplitude when
the non-paretic leg was stepping.
In Chapter 4, the improvements in the muscle activation patterns observed in the CKC
exercises in Chapter 3 transferred to the postural tasks, the arm raise and load drop. In
the arm raise task, the EMG area and slope of the paretic BF increased and the COP
velocity of the paretic leg increased after the exercises. These changes were retained 15
minutes after the exercises ended. In the load drop task, the modulation of the paretic BF
EMG deactivation improved with an increased deactivation in the 100ms preceding the
load drop. Similar to the arm raise task, the improvements observed in the load drop were
present 15 minutes after the exercises ended. For both the arm raise and the load drop the
central nervous system increased the effectiveness of the muscle activation/deactivation
by the muscle responding earlier in anticipation of the postural disturbance. A subset of
individuals in the stroke group who were bearing weight asymmetrically before the
exercises moved towards being symmetrical after exercise. The symmetrical stance after
the exercises during the postural task was observed 15 minutes after the exercises ended.
In Chapter 5, at the end of a single session of seated OKC exercises emphasizing speed
the EMG area of the paretic TA, RF and BF increased significantly. This was
accompanied by an increase in peak velocity and power in the ankle dorsiflexors and knee
extensors and flexors. Improvements were observed in the non-paretic side with an
increase in the EMG area of the RF, BF and TA, peak velocity of the knee extensors and
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flexors and power of the knee flexors and ankle plantarflexors. Even though the exercises
were performed in sitting, there was an increase in the paretic BF EMG area and arm
acceleration during the arm raise postural task. There was also a tendency for COP
velocity to increase in the paretic leg after the exercises.

6.2

Motor Control during Exercise

Previous studies have shown that a single session of rehabilitation can evoke changes in
motor control.1,2 Cirstea et al2 observed an improvement in performance in a single
session of fast pointing movements in the upper extremity post-stroke, with a faster and
more precise movement and fewer errors. In Chapter 3 during fast movement exercises
of squats and steps, the movement pattern improved in a single session of squats which
was demonstrated by an improved temporal coupling of the COP displacement and knee
movements. There was only a tendency for the movement acceleration to increase in the
paretic leg during the stepping exercises in Chapter 3 but improvements were observed in
velocity of the paretic leg in Chapter 5 during the OKC exercises at the end of the OKC
exercises in ankle dorsiflexion and knee flexion and extension. Although speculative, it
is possible that removal of the postural demands imposed by the CKC exercise enabled
the persons post-stroke to improve their movement velocity significantly in the open
kinetic chain exercise.
The CKC and OKC exercises were both performed in a single session. An improved
muscle activation pattern was observed in Chapter 3 in the CKC exercises of squats and
steps and in Chapter 5 in the OKC single joint exercises, which was accompanied by
increases in velocity and power of the OKC movements. Changes at the cortical level
have been observed by Liepert et al1 with an increase in the cortical representation area of
the paretic hand after a single session of physiotherapy. A single session of exercise that
can modulate changes in EMG activity demonstrates the influence that exercise can have
on the process of neuroplasticity. In a single session, the improvements cannot be
attributed to natural recovery, which can be a confounding factor in the sub-acute phase.
In individuals post-stroke, Clark et al3 found that as the velocity of movement increased
the paretic muscle activity did not increase. In Chapter 3, during the CKC exercises of
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squats and steps, there was only a tendency for the velocity of the center of mass to
increase by the end of the squats. Similarly during the steps, there was only a tendency
for the peak knee acceleration amplitude to increase when the paretic leg was stepping,
whereas the peak knee acceleration amplitude increased significantly in the non-paretic
leg when stepping. These changes were accompanied by a significant increase in EMG
area which demonstrates an ability of the paretic muscles to modulate increases in EMG
area as the velocity or acceleration increases. In Chapter 5 during the OKC single joint
exercises, the individuals post-stroke were able to modulate an increase in the EMG area
as the peak velocity increased after practicing 50 single joint movements. Davies et al4
reported individuals were unable to generate a knee flexion movement with the paretic
limb at velocities greater than 300ºs-1 and only three individuals could generate a knee
extension movement. In Chapter 5, the individuals after stroke were able to generate an
average velocity of ~330ºs-1 in the paretic leg at the start of the knee flexion exercises and
this increased to ~365ºs-1 by the end of the knee flexion exercises. The knee flexion
velocity in Chapter 5 was greater than those reported by Davies and colleagues4 and the
difference may be related to the resistance torque. peak knee acceleration amplitude In
our study, the torque was set at 0.5 Nm, whereas Davies and colleagues4 subjects were
asked to generate the force as hard as possible. A lower resistance can promote a faster
movement allowing for the modulation in EMG activity. Therefore, the amount of
external resistance may be an important factor to consider when retraining speed of
movement in stroke rehabilitation.
Age has been thought to be a limiting factor in recovery after a stroke, with younger
individuals recovering at a faster rate and more completely. From the literature, there is
evidence that older adults post-stroke have greater functional impairments when entering
an inpatient rehabilitation facility, their scores on the Functional Independence Measure
(FIM) or Barthel Index Score (BI) are lower.5-7 Upon discharge, the functional gains
achieved are less than their younger counterparts,6 demonstrating that the rates of
recovery post-stroke are greater for younger individuals than older.5,8 In Chapter 5, the
participants were 15 years old than the stroke group in Chapter 3. In the older stroke
group (Chapter 5), besides the stroke, there would be changes that occur in the muscle as
the result of ageing such as reduced number of type II fast twitch fibers9 and reduced
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number of motor units.10 The change in the muscle results in less force and power
generating capacity of an ageing muscle.11 Depending on the level of mobility and
functional capacity before the stroke, the stroke even if not as severe may have a greater
influence on the functional level which may be the reason older individuals enter the
inpatient rehabilitation facility with lower FIM and BI scores.5-7 The data in Chapter 5
revealed that the older stroke group showed significant improvements in the muscle
activity, velocity and power in the OKC exercises in a single session which reflects the
ability to recover or improve.

6.3

Postural Control

There are a variety of interventions to target balance deficits post-stroke but balance still
continues to be a problem after discharge, as revealed by the high number of falls.12,13
Standing balance requires an individual to stand erect and withstand internal and external
perturbations to stance.14 Muscle weakness from motor unit remodeling15,16 can impair
the ability of the postural muscles to coordinate with the movement of the perturbation
post-stroke. The postural responses to internal perturbations are disrupted, reduced and
delayed when compared to healthy individuals.17-20 A disruption in the paretic muscle
activity was confirmed in Chapter 4 with a reduced EMG area and slope in the paretic BF
in the arm raise task and an impaired EMG deactivation of the paretic BF in the load drop
task, compared to controls. The impairment in muscle activation/deactivation may be a
factor contributing to the inability to regain postural equilibrium through one of the three
strategies: ankle, hip or stepping21,22 leading to an increased number of falls post-stroke.
After a single session of CKC exercises, the improved muscle activation patterns in the
paretic BF in both postural tasks (arm raise and load drop) may be an indication that the
muscle is able to respond rapidly to counteract the disturbance to postural equilibrium,
either with a larger and earlier EMG burst in the arm raise task or by deactivating the
muscle activity quicker in the load drop task.
Interestingly, the arm acceleration significantly increased after the OKC exercises
(Chapter 5) but did not increase after the CKC exercises (Chapter 4). The arm
acceleration of the stroke group in Chapter 4 had a mean age of 55.6 years (46.5 ± 20.7
m/s2) which was similar to the arm acceleration reported by Garland et al19 in a group of
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elderly healthy subjects with a mean age of 69 years (51.0 ± 15.7 m/s2). This may
indicate that the younger stroke group in Chapter 4 was impaired but to a lesser extent
than the older stroke group in Chapter 5. The arm acceleration in Chapter 5 (30.1 ± 13.4
m/s2) was considerably smaller than the arm acceleration in Chapter 4 before the
exercises, thus there may have been a greater opportunity for improvement. The
difference in the starting accelerations in Chapter 4 and Chapter 5 may be attributed to the
age difference between the two groups.
Even though the arm acceleration varied between the two studies, the COP velocity
before the exercises was quite similar (CKC, 4.9 ±2.5 cm/s; OKC, 4.2 ± 1.8 cm/s). Thus
age may be an important factor influencing the COP velocity in the older stroke group
because the arm acceleration was slower and the COP velocity was similar in the older
(Chapter 5) and younger stroke group (Chapter 4). The larger COP velocity may be
reflective of an exploratory mechanism to maintain balance by the central nervous system
correcting for age related increases in sensory thresholds or reduced integrating
capacity.23 In both chapters, the COP velocity increased by 26% although the increase in
Chapter 5 was only a trend. This may be an indication that an increase in the arm
acceleration is not the only factor influencing the COP velocity because both showed an
increase in COP velocity, whereas the arm acceleration increase was only observed in
Chapter 5. Thus the COP velocity may not only reflect the compensatory patterns from
the arm movement but also contains an exploratory activity that contributes to postural
stability.23
The transfer of improvements from the exercises to a postural task that was not practiced
suggests that using exercises that emphasize speed of movement may be beneficial in
retraining the muscles to respond rapidly. There are few studies that have looked at speed
of movement post-stroke. Dejong et al24 examined the quality of movement in a reachgrasp-lift movement of the upper extremity. The participants were asked to move as
quickly as possible and the researchers found the quality of movement improved. As the
movement speed increased the participants had straighter reach paths, more efficient
finger movements and the fingers opened wider. Marigold et al.25 also examined speed
post-stroke by incorporating agility exercises in an exercise regimen in chronic stroke
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patients and they found improvements in the reaction time and muscle activation in
response to platform perturbations in the agility group. The evidence for speed of
movement post-stroke is limited but it seems to be an important element to retrain in
stroke rehabilitation.

6.4

Limitations

There were several limitations in the interpretation of the results of these studies:
1) The participants in this study were from a sub-population of stroke with mild to
moderately-severe strokes. The results from this thesis cannot be generalized to
those individuals with severe strokes. All the participants had more than a stage 3
for the foot and leg on the CMSA and had a score greater than 37 on the Berg
Balance Scale. Thus, it is not known whether a single session of exercise will
evoke changes in muscle activations in persons with a severe stroke.
2) The participants in this study were considered to be in the sub-acute phase poststroke. The mean time post-stroke was less than 6 months for all four studies
completed in this work/thesis. It is not known if similar effects would be found in
individuals considered to be chronic (> 1 year post-stroke) when the brain is less
plastic than the sub-acute phase.
3) The results from Chapters 3, 4 and 5 did not determine the effectiveness of an
intervention but were efficacy studies to establish if change can be evoked in a
single session of exercises. Employing exercises emphasizing speed has been
shown to be an effective intervention to improve power and speed in older
adults.26,27 Furthermore, only one study to date has examined speed as an
intervention for balance post stroke.25 The first step was to establish the
feasibility of evoking change with exercises emphasizing speed in persons poststroke. This thesis does not provide information on quantity of exercises and
duration of an exercise program to improve the speed of movement, muscle power
and muscle activation patterns.
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4) The control group used in three studies in this thesis did not include individuals
who sustained a stroke. Therefore, it is not known if a stroke control group would
have improvements similar to what was seen in the stroke group if provided a
different intervention. In the final study presented in Chapter 5, there was no
control group and comparisons were made between paretic and non-paretic side.
5) From the results presented in Chapter 3, 4, 5 it is not known how long the changes
observed would be retained. The longest retention period examined in this thesis
was 15 minutes. The short retention period tested was used to limit the duration
of the experiments, which were approaching 2 hours in length.
6) A relatively small sample size presented in Chapter 5 may be the reason why there
was only a tendency for the COP velocity to increase in the paretic leg. In order
to make comparisons between the CKC and OKC exercises a larger sample size
would be needed for the OKC exercises.

6.5

Implications and Future Directions

This thesis has provided an understanding of the effects of a single session of CKC and
OKC exercises emphasizing speed on the muscle activation patterns of individuals in the
sub-acute phase post-stroke. The exercises evoked improvements in the paretic muscles
by the end of the squats and steps (Chapter 3) and in the single joint OKC exercises of the
knee and the ankle (Chapter 5). However, knowing that changes can be generated does
not provide information on the mechanisms underlying the effect. For instance, if the
changes are induced at the cortical level, it is possible that a short program of 3-4 weeks
might be appropriate for these types of exercises. Perez et al28 reported increased cortical
excitability in the motor cortex area of the tibialis anterior when healthy individuals
performed a motor learning task comprised of voluntary ankle movements for 32 minutes.
Thus, one of the next steps would be to determine the appropriate length of an exercise
program that would be needed to evoke long-term changes.
There is some evidence that the improvements observed in the muscle activation patterns
in the exercises transferred to a postural task that was not practiced. This is a good
122

indication that changes with exercises emphasizing speed may be adaptable to other
activities. It has been shown that strength training does not necessarily transfer to
functional activities unless it is task specific29,30 therefore, it is important to understand
what type of exercises can modify functional activities without being task specific. The
final step would be to determine if the changes observed in the exercises can be
transferred to improvements in functional activities.

6.6

Conclusion

This thesis revealed there are impairments in the muscle activation patterns in fast
movements performed by individuals post-stroke. These impairments can be modified
with CKC and OKC exercises emphasizing speed in individuals with mild to moderatelysevere stroke. The changes observed in the muscle activation patterns during the fast
CKC and OKC exercises transferred to postural control tasks that were not practiced.
This thesis demonstrates the efficacy of movements emphasizing speed on improving
motor control post-stroke. Further research is needed to determine the length of program
necessary to evoke long-term changes and if the changes can be transferred to functional
activities.
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Appendix A: Characteristics of stroke group (Chapter 2, 3 and 4).
Subject

Age
(years)

*1
*2
*3
*4
*5
*6
*7
*8
*9
*10
*11
*12
*13
*14
*15
*16
*17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

37
67
47
51
72
80
67
52
66
48
66
65
47
63
50
53
27
55
59
53
74
56
76
35
53
58
49
59
31
41
45
78

CMSA
leg+foot
( /14)
10
9
14
6
12
11
13
12
12
8
12
8
13
14
9
13
7
13
9
5
11
12
12
8
7
12
14
11
10
14
8
8

Berg Balance
Scale ( /56)

Gender

Side of
Paresis

Location of stroke

54
44
56
40
56
49
49
42
54
56
47
49
56
56
55
56
53
56
54
46
54
48
56
53
55
55
56
49
55
56
50
54

M
F
F
M
M
M
M
M
M
F
F
F
M
M
M
M
F
F
M
M
M
M
M
M
M
M
M
M
F
M
F
F

Right
Left
Left
Left
Left
Left
Left
Left
Left
Right
Left
Left
Right
Right
Right
Left
right
right
left
left
left
left
left
left
left
left
right
left
left
right
left
left

unknown
subcortical
subcortical
subcortical
cortical
cortical
cortical
subcortical/cortical
cortical
subcortical/cortical
subcortical
subcortical
subcortical
subcortical
subcortical/cortical
subcortical
subcortical
cortical
subcortical
unknown
subcortical
subcortical
subcortical
unknown
cortical
cortical
subcortical
unknown
subcortical
subcortical
subcortical/cortical
subcortical

Location of stroke determine by CT or MRI
*Subjects for Chapter 2
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Appendix B: Clinical Outcome Measures

Berg Balance Scale
SITTING TO STANDING
INSTRUCTIONS: Please stand up. Try not to use your hand for support.
( ) 4 able to stand without using hands and stabilize independently
( ) 3 able to stand independently using hands
( ) 2 able to stand using hands after several tries
( ) 1 needs minimal aid to stand or stabilize
( ) 0 needs moderate or maximal assist to stand
STANDING UNSUPPORTED
INSTRUCTIONS: Please stand for two minutes without holding on.
( ) 4 able to stand safely for 2 minutes
( ) 3 able to stand 2 minutes with supervision
( ) 2 able to stand 30 seconds unsupported
( ) 1 needs several tries to stand 30 seconds unsupported
( ) 0 unable to stand 30 seconds unsupported
If a subject is able to stand 2 minutes unsupported, score full points for sitting unsupported.
Proceed to item #4.
SITTING WITH BACK UNSUPPORTED BUT FEET SUPPORTED ON FLOOR OR ON A STOOL
INSTRUCTIONS: Please sit with arms folded for 2 minutes.
( ) 4 able to sit safely and securely for 2 minutes
( ) 3 able to sit 2 minutes under supervision
( ) 2 able to able to sit 30 seconds
( ) 1 able to sit 10 seconds
( ) 0 unable to sit without support 10 seconds
STANDING TO SITTING
INSTRUCTIONS: Please sit down.
( ) 4 sits safely with minimal use of hands
( ) 3 controls descent by using hands
( ) 2 uses back of legs against chair to control descent
( ) 1 sits independently but has uncontrolled descent
( ) 0 needs assist to sit
TRANSFERS
INSTRUCTIONS: Arrange chair(s) for pivot transfer. Ask subject to transfer one way toward a
seat with armrests and one way
toward a seat without armrests. You may use two chairs (one with and one without armrests) or a
bed and a chair.
( ) 4 able to transfer safely with minor use of hands
( ) 3 able to transfer safely definite need of hands
( ) 2 able to transfer with verbal cuing and/or supervision
( ) 1 needs one person to assist
( ) 0 needs two people to assist or supervise to be safe
STANDING UNSUPPORTED WITH EYES CLOSED
INSTRUCTIONS: Please close your eyes and stand still for 10 seconds.
( ) 4 able to stand 10 seconds safely
( ) 3 able to stand 10 seconds with supervision
( ) 2 able to stand 3 seconds
( ) 1 unable to keep eyes closed 3 seconds but stays safely
( ) 0 needs help to keep from falling

129

STANDING UNSUPPORTED WITH FEET TOGETHER
INSTRUCTIONS: Place your feet together and stand without holding on.
( ) 4 able to place feet together independently and stand 1 minute safely
( ) 3 able to place feet together independently and stand 1 minute with supervision
( ) 2 able to place feet together independently but unable to hold for 30 seconds
( ) 1 needs help to attain position but able to stand 15 seconds feet together
( ) 0 needs help to attain position and unable to hold for 15 seconds
REACHING FORWARD WITH OUTSTRETCHED ARM WHILE STANDING
INSTRUCTIONS: Lift arm to 90 degrees. Stretch out your fingers and reach forward as far as you
can. (Examiner places a ruler at
the end of fingertips when arm is at 90 degrees. Fingers should not touch the ruler while reaching
forward. The recorded measure is
the distance forward that the fingers reach while the subject is in the most forward lean position.
When possible, ask subject to use
both arms when reaching to avoid rotation of the trunk.)
( ) 4 can reach forward confidently 25 cm (10 inches)
( ) 3 can reach forward 12 cm (5 inches)
( ) 2 can reach forward 5 cm (2 inches)
( ) 1 reaches forward but needs supervision
( ) 0 loses balance while trying/requires external support
PICK UP OBJECT FROM THE FLOOR FROM A STANDING POSITION
INSTRUCTIONS: Pick up the shoe/slipper, which is in front of your feet.
( ) 4 able to pick up slipper safely and easily
( ) 3 able to pick up slipper but needs supervision
( ) 2 unable to pick up but reaches 2-5 cm(1-2 inches) from slipper and keeps balance
independently
( ) 1 unable to pick up and needs supervision while trying
( ) 0 unable to try/needs assist to keep from losing balance or falling
TURNING TO LOOK BEHIND OVER LEFT AND RIGHT SHOULDERS WHILE STANDING
INSTRUCTIONS: Turn to look directly behind you over toward the left shoulder. Repeat to the
right. (Examiner may pick an object
to look at directly behind the subject to encourage a better twist turn.)
( ) 4 looks behind from both sides and weight shifts well
( ) 3 looks behind one side only other side shows less weight shift
( ) 2 turns sideways only but maintains balance
( ) 1 needs supervision when turning
( ) 0 needs assist to keep from losing balance or falling
TURN 360 DEGREES
INSTRUCTIONS: Turn completely around in a full circle. Pause. Then turn a full circle in the other
direction.
( ) 4 able to turn 360 degrees safely in 4 seconds or less
( ) 3 able to turn 360 degrees safely one side only 4 seconds or less
( ) 2 able to turn 360 degrees safely but slowly
( ) 1 needs close supervision or verbal cuing
( ) 0 needs assistance while turning
PLACE ALTERNATE FOOT ON STEP OR STOOL WHILE STANDING UNSUPPORTED
INSTRUCTIONS: Place each foot alternately on the step/stool. Continue until each foot has
touched the step/stool four times.
( ) 4 able to stand independently and safely and complete 8 steps in 20 seconds
( ) 3 able to stand independently and complete 8 steps in > 20 seconds
( ) 2 able to complete 4 steps without aid with supervision
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( ) 1 able to complete > 2 steps needs minimal assist
( ) 0 needs assistance to keep from falling/unable to try
STANDING UNSUPPORTED ONE FOOT IN FRONT
INSTRUCTIONS: (DEMONSTRATE TO SUBJECT) Place one foot directly in front of the other. If
you feel that you cannot place
your foot directly in front, try to step far enough ahead that the heel of your forward foot is ahead
of the toes of the other foot. (To
score 3 points, the length of the step should exceed the length of the other foot and the width of
the stance should approximate the
subject’s normal stride width.)
( ) 4 able to place foot tandem independently and hold 30 seconds
( ) 3 able to place foot ahead independently and hold 30 seconds
( ) 2 able to take small step independently and hold 30 seconds
( ) 1 needs help to step but can hold 15 seconds
( ) 0 loses balance while stepping or standing
STANDING ON ONE LEG
INSTRUCTIONS: Stand on one leg as long as you can without holding on.
( ) 4 able to lift leg independently and hold > 10 seconds
( ) 3 able to lift leg independently and hold 5-10 seconds
( ) 2 able to lift leg independently and hold L 3 seconds
( ) 1 tries to lift leg unable to hold 3 seconds but remains standing independently.
( ) 0 unable to try of needs assist to prevent fall

( ) TOTAL SCORE (Maximum = 56)
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THE CHEDOKE McMASTER STROKE ASSESSMENT
Revised October 2004

Standard starting position: Lying on back with knees bent and feet flat, with hands
resting on stomach, shoes and socks off, and pants rolled up. Start
assessment at Stage 4.
STAGE 1
Unable to demonstrate at least two of the Stage 2 tasks.

STAGE 2
Task 1:
Position:
Instruction:
Method:

Resistance to passive hip or knee flexion
Standard starting position, with limb supported as necessary.
"Let me move your leg."
Choose either a) or b):
a) flex and extend hip 5 times with sufficient speed of passive movement
to elicit stretch reflex. Feel for resistance to passive movement and
watch for an active contraction of quadriceps.
b) flex and extend knee 5 times with sufficient speed of passive
movement to elicit stretch reflex. Feel for resistance to passive
movement and watch for an active contraction of the quadriceps.

Task 2:
Position:
Instruction:
Method:
Required:

Facilitated hip flexion
Standard starting position.
"Bend your leg towards your chest."
Facilitate a contraction of the hip flexors.
Some active hip flexion.

Task 3:
Position:
Instruction:
Method:
Required:

Facilitated extension
Standard starting position.
"Straighten your leg out."
Facilitate a contraction of hip and knee extensors.
Some active contraction of hip or knee extensors.

STAGE 3
Task 1:
Position:
Instruction:
Method:

Adduction to neutral
Standard starting position with weak leg abducted.
"Bring your weak knee into the middle."
Adduction of weak leg to neutral. Foot may be stabilized.
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Task 2:
Position:
Instruction:
Required:

Hip flexion to 90 degrees
Standard starting position.
"Bend your leg up towards your chest."
Hip flexion to 90° (hip adduction or pelvic tilt are permitted).

Task 3:
Position:
Instruction:
Method:

Full extension
Standard starting position. Leg may be stabilized.
"Straighten your leg out."
Full active hip and knee extension. Gravity may assist with the movement
but do not use a non-slip material under the weak foot. Adduction and
internal rotation are not required, but are permitted.

STAGE 4

Task 1:
Position:
Instruction:

Required:

Task 2:
Position:
Instruction:
Method:

Hip flexion to 90 degrees then extension synergy
Standard starting position. The unaffected leg remains in flexion during
this task.
"Bend your leg up towards your chest, and out to the side. Then without
stopping, straighten your leg out, crossing your weak leg over the midline."
Hip and knee flexion to 90°, hip abduction to 45°, and external rotation at
least to neutral during the flexion component. Full hip extension, internal
rotation and adduction sufficient to cross the weak foot over mid-line. No
stopping between synergies.

Required:

Bridging hips with equal weight bearing
Standard starting position.
"Lift your hips off the bed pushing equally with both feet.”
Test for equal weight bearing by trying to displace the weak foot. Don't
use a non-slip material under weak foot.
Hip extension and weight bearing equal bilaterally. Pelvis aligned.

Task 3:
Position:
Instruction:
Required:
Acceptable:
Don't accept:

Knee flexion beyond 100 degrees
Sitting, hips and knees flexed to 90° and feet supported.
"Bend your knee back as far as you can."
Knee flexion greater than 100o.
Part of the foot can remain in contact with the floor.
Excessive trunk movement.

STAGE 5
Task 1:

Extension synergy, then flexion synergy
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Position:
Instruction:

Required:

Standard starting position. The unaffected leg remains in flexion during
this task.
"Straighten your leg out crossing your weak leg over the mid-line, then
without stopping, bring your weak leg up to your chest and out to the
side."
Full extension of hip and knee with sufficient hip internal rotation and
adduction to cross weak foot over the mid-line. Hip and knee flexion to
90˚, hip abduction to 45˚ with external rotation at least to neutral. Smooth
transition between synergies.

Task 2:
Position:
Instruction:
Required:
Don't accept:

Raise thigh off bed
Sitting, hips and knees flexed to 90˚. Feet on floor.
"Lift your thigh off the bed."
Active hip flexion through inner range so that the thigh clears the bed.
External rotation of hip, compensating trunk movements, or use of hands.

Task 3:
Position:
Instruction:
Method:
Required:
Don't accept:

Hip extension with knee flexion
Standing on strong leg with support.
"Take your leg back, keep it there, then bend your knee up."
Therapist may provide light support for balance.
Hip extension to 0˚ with enough knee flexion to raise the foot off the floor.
Compensatory trunk movements or weight bearing through the support
offered by the therapist. Less than neutral hip extension while flexing
knee.

STAGE 6
Task 1:
Position:
Instruction:

Lift foot of floor 5 times in 5 seconds
Sitting with hip and knees at 90°, feet supported.
“Lift your thigh off the bed and stamp the floor with your whole foot 5
times.”
Method:
Count the number of times the foot taps the floor in 5 seconds.
Required:
90˚knee flexion. Each repetition should be of equal amplitude.
Don't accept: Compensatory trunk or hip movements, less than 90˚knee flexion.

Task 2:
Position:
Instruction:
Method:
Required:

Full range internal rotation
Sitting with hip and knees at 90o, feet supported.
"Keep your knees together and spread your ankles apart.”
It is permissible to hold on to the bed.
Full range of internal rotation (compare to other side), no compensatory
trunk movements. Feet should come off the support.
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Task 3:
Position:
Instruction:

Trace a pattern: forward, side, back, return
Standing on strong leg with support.
"Trace the shape of a triangle on the floor. Keep your forefoot on the floor
and keep your knee straight.”
Method:
Therapist may provide light support for balance.
Required:
Smooth, coordinated hip flexion, abduction and extension while keeping
the knee extended. Symmetry and co-ordination equal to the other side.
Note: Knee flexion is permitted when the limb is returning to the starting
position from hip extension.
Don't accept: Weight bearing through support, knee flexion during the movement or
jerky movement.
STAGE 7
Task 1:
Position:
Instruction:
Method:
Required:

Rapid high stepping 10 times in 5 seconds
Standing unsupported.
"Quickly march on the spot lifting your leg up high.”
Count 10 high steps, 5 with each leg, in 5 seconds.
Consistent step height with at least 45º of hip flexion.

Task 2:
Trace a pattern quickly; forward, side, back. Reverse pattern
Position: Standing with light support.
Instruction: "Quickly trace a shape of a triangle on the floor and without stopping,
reverse the pattern. Keep your forefoot on the floor and keep your knee straight."
Method:
Movement consists of hip flexion, abduction and extension while keeping
knee extended.
Required:
Smooth, coordinated, movement with a rapid reversal.
Task 3:
Position:
Instruction:
Method:
Required:
Don't accept:

Hop on weak leg
Standing on weak leg with light support.
"Hop on your weak foot."
Therapist may provide light support for balance.
Sufficient clearance so that the whole foot is off the floor. Ankle stability.
Weight bearing through support. Excessive trunk movements.
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Standard Starting Position: No standard position. Test all tasks in one position before
the client moves to another position, i.e., in lying before sitting. Remove socks and shoes.
Start at Stage 3 with the client supine.
STAGE 1
Unable to demonstrate at least two of the Stage 2 tasks.
STAGE 2
Task 1:
Position:
Instruction:
Method:

Required:

Resistance to passive dorsiflexion
Supine with knees flexed and feet on the mat.
"Let me move your foot."
Dorsiflex and plantarflex ankle 5 times with sufficient speed of passive
movement to elicit stretch reflex. Support the limb as necessary while
facilitating the movement.
Feel for resistance to passive movement and watch for active contraction
in plantarflexors.

Task 2:
Position:
Instruction:
Method:

Facilitated dorsiflexion or toe extension
Supine with knees flexed and feet on the mat.
"Pull your foot and toes up."
Facilitate dorsi flexion or toe extension. Support the limb as necessary
while facilitating the movement.
Required:
Some active ankle dorsi flexion or toe extension.
Permissable: Use of the Babinski Reflex to elicit movement.
Task 3:
Position:
Instruction:
Method:
Required:
Permissible:

Facilitated plantarflexion
Supine with knees flexed and feet on the mat.
"Point your foot and toes down."
Facilitate plantar flexion of the ankle. Support the limb as necessary while
facilitating the movement.
Some active ankle plantar flexion.
The leg can move into extension.

STAGE 3
Task 1:
Position:
Instruction:
Method:
Required:

Plantarflexion greater than 1/2 range
Supine, ankle in a neutral position.
"Push your foot down."
It is permissible to position the foot in the neutral (near 90o degrees at
ankle).
Plantar flexion greater than half the remaining range.
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Task 2:
Position:
Instruction:
Method:
Required:
Permissible:

Some dorsiflexion
Sitting, feet supported.
"Lift your foot off the floor while keeping your heel down."
May stabilize the heel and support the leg. Movement in synergy is
permissible.
Some active dorsiflexion.
Movement in synergy.

Task 3:
Position:
Instruction:
Method:
Required:
Permissible:

Extension of toes
Sitting.
"Lift your toes up."
Leg may be stabilized. .
Some active toe extension.
Movement in synergy

STAGE 4
Task 1:
Some eversion
Position:
Sitting with the ankle inverted, foot on the floor.
Instruction: "Turn foot out and lift up the outside edge of your foot."
Method:
Start in inversion. Ankle may be stabilized. Client may lift the foot off the
floor. Required:
Some active eversion.
Task 2:
Full inversion
Position:
Sitting with the ankle everted.
Instruction: "Turn your foot in."
Method:
Start in eversion. Ankle may be stabilized. Client may lift the foot off the
floor. Required:
Full available range of inversion.
Task 3:
Position:
Instruction:
Method:
Required:

Dorsiflexion, then plantarflexion
Sitting with weak leg crossed over strong leg.
"Pull your foot up, then push it down."
Leg may be stabilized.
Full dorsiflexion and then full plantarflexion.

STAGE 5
Task 1:
Position:
Instruction:
Method:
Required:

Toe extension with ankle plantarflexion
Sitting with weak leg crossed over strong leg.
"Push your foot down. Keep it there and then lift your toes up."
Leg may be stabilized.
Maintained ankle plantar flexion with full toe extension.

Task 2:

Ankle plantarflexion, then dorsiflexion
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Position:
Instruction:
Method:
Required:
Don't accept:

Sitting with the weak knee extended.
"Push your foot down, then pull it up."
Leg is supported with the knee in extension.
Full plantarflexion and full dorsiflexion with knee extension.
Any knee flexion.

Task 3:
Position:
Instruction:
Method:
Required:

Eversion
Standing with involved foot slightly forward and light hand support.
"Keeping your heel on the ground, lift your foot up and out.”
Do not stabilize the leg.
Full eversion with heel on floor, with no external rotation of hip.

STAGE 6
Task 1:
Position:
Instruction:
Required:

Tap the foot 5 times in 5 seconds
Standing with involved foot slightly forward and light hand support.
"Heel on the floor, tap your foot as quickly as possible."
At least 5 taps of the foot in 5 seconds. Consistent dorsiflexion range with
each repetition while maintaining the heel on the floor.
Don't accept: Compensation with flexion synergy or trunk movement.
Task 2:
Position:
Instruction:
Required:
Don’t accept:

Foot circumduction
Standing with knee extended, weak foot off floor, and light hand support.
"Make 4 large circles with your foot only."
Smooth coordinated circular movement using full available range.
Movement at hip or knee.

Task 3:
Position:
Instruction:
Required:
Don't accept:

Eversion
Standing with knee extended, weak foot off floor, and light hand support.
"Keep your knee straight and then turn only your foot out."
Full range eversion while maintaining full knee extension.
External rotation of hip.

STAGE 7
Task 1:
Position:
Instruction:
Method:

Heel touching forward, then toe touching behind, 5 times in 10
seconds
Standing with light hand support.
"Touch the floor in front of you with your heel and then behind you with
your toes. Do this as quickly as you can."
The task consists of full dorsiflexion in front and full plantarflexion
behind. Count the number of movements performed in 10 seconds.
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Required:

Smooth, coordinated, full range dorsiflexion and full plantarflexion with
hip extension.
Don't accept: Weight bearing through support.

Task 2:
Position:
Instruction:
Required:

Circumduction quickly, reverse
Standing with weak foot off the floor and light hand support.
"Make 4 large circles with your foot in one direction and then reverse."
Smooth, coordinated, circular movement quickly in the full available range
and at a constant speed.
Don't accept: Weight bearing through support.

Task 3:
Position:
Instruction:

Up on toes then back on heels 5 times
Standing with light hand support.
"Stand on your toes, then back on your heels raising your toes up. Repeat
as quickly as possible 5 times.”
Method:
Knees remain extended.
Required:
Weight bearing and range equal bilaterally for all 5 repetitions.
Don't accept: Weight bearing through support
Permissible: Slight hip flexion for balance
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THE UNIVERSITY OF BRITISH COLUMBIA
Department of Physical Therapy
Faculty of Medicine
212, Friedman Building
2177 Wesbrook Mall
Vancouver, British Columbia V6T 1Z3

LETTER OF EXPLANATION FOR THE STUDY
CONSENT FORM

Project Title: Standing Balance Following Stroke: A Novel Approach to Postural Muscle
Retraining
Principal Investigator: Jayne Garland PhD, Physiotherapist (PT), Department of Physical
Therapy, Faculty of Medicine, UBC
Co-Investigators:

Lara Boyd PT, PhD. Department of Physical Therapy, Brain
Behaviour Laboratory, Faculty of Medicine, UBC
Tanya Ivanova PhD, Department of Physical Therapy, Faculty of
Medicine, UBC
Vicki Gray, PhD Candidate, Rehabilitation Sciences, Faculty of
Medicine, UBC,

BACKGROUND AND PURPOSE
You are being invited to participate in this study due to your history of stroke. We know
that poor balance is a significant risk factor for experiencing a fall. Balance is typically
impaired following a stroke, which places you at an increased risk of falling. The study is
designed to examine whether it is feasible to retrain postural muscle contractions that
are needed for standing balance following stroke.

DETAILS OF THE STUDY
There will be 20 individuals participating in this study. The study involves a single
session of exercise lasting 90 minutes. Your balance will be tested in the Neural Control
of Force Production laboratory, third floor Koerner Pavillion, UBC at the Point Grey
Campus of the University of British Columbia. You will be asked to do common everyday
tasks such as getting up from a chair, reaching forward, and picking up an object. Your
sensory and motor recovery will also be evaluated with standard clinical physiotherapy
assessments that require you to move your leg into different positions.
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We will be measuring the activity of four muscles on both of your legs. To do this, we will
place electrodes on your skin over the muscles using adhesive tape. Your standing
balance will be assessed and to ensure your safety, you will be secured into an
overhead safety harness. You will be standing on two plates that measure your body’s
sway and asked to raise your strong arm straight out in front of you as quick as possible.
A device will be attached to your hand to measure how fast you move it. You will
perform 10 trials and you may rest as often as you like and we can stop the testing if you
become tired.
You will perform an exercising retraining program on both legs involving 50 movements
of fast flexion and extension of the knee while lying down and flexion and extension of
the ankle while in sitting. We will provide feedback during the exercises to help you make
the movements as fast as possible. You may rest as often as you like and we can stop
the exercises if you become tired. Immediately following the retraining exercise program,
standing balanced will be tested again by performing 10 trials of moving your strong arm
straight out in front of you as quick as possible.
To see if there is increased activity from your brain to your muscles after a single session
of exercise, a transcranial magnetic stimulation (TMS) pulse will be applied to your scalp
while sitting in a comfortable reclining chair. This will be achieved by placing a stimulator
on your scalp. A coil will be fixed to a frame that will hold it in place over your head. The
stimulation is non invasive and relatively painless, however, you may feel a tingling or
tugging feeling on your scalp during this time. When triggered, this stimulator will send a
magnetic pulse through your scalp that will activate neurons in your brain. The signal
from the brain will travel along the nerves to your muscles and the electrodes that will be
placed on your muscles will detect this signal. The TMS is an optional part of the study.
If you choose to participate in TMS, we will test the response of your muscles to
magnetic stimulation of the brain in sitting before and after the exercise. If you choose
not to participate in the TMS portion, you will only do the exercise retraining and standing
balance tests.
PARTICIPATION CRITERIA:
You are invited to participate if you have had a stroke, which resulted in weakness in the
arm and leg of one side of your body. You need to be able to stand for 10 seconds
unsupported. Additionally, you must not have any medical conditions, which preclude
your involvement in a regular exercise activity such as cardiac or respiratory conditions
limiting activity. People who have any health conditions, which significantly impact their
ability to walk beyond the effects of the stroke, will not be able to participate in this study
(e.g. other neurological conditions, nerve damage in your lower leg). If you have any
problems in your muscle or joints in your legs, you may be excluded because some
problems such as ankle sprains may prevent you from participating in the study.
RISKS/SIDE-EFFECTS:
Possible discomforts within the study are related to that of discomfort after physical
exercise. For example, the risk of sore muscles may occur with any exercise program.
The harness utilized for safety will be adjusted to ensure your comfort throughout
treatment and testing. You may experience some skin irritation during the placement of
the electrodes or the reflective tape. Signing this consent form in no way limits your legal
rights against the sponsor, investigators, or anyone else.
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TMS: There is a potential risk of seizure induction in people with a history of seizures
(e.g. epilepsy). If you have a history of seizures, neurosurgery, or presence of metal or
electronic implants in the brain or skull, you may participate in the exercise retraining but
you will not participate in the TMS testing. There is also a small but real risk of seizure in
people who do not have epilepsy during TMS brain mapping and treatment. In the event
of a seizure you will be referred to a physician who may prescribe medicine and
depending upon their diagnosis restrict or suspend driving privileges for a period of time.
Safety standards for the application of TMS have been developed and will be followed
during this study to minimize the risk. Dr Boyd has been trained in the safe application of
TMS. Other risks include headache, scalp discomfort at the site of stimulation, a tingling
sensation or twitching of facial muscles, lightheadedness, discomfort from noise during
TMS, mania or hearing problems.
In the unlikely event of a medical emergency during any of the assessments or exercise sessions,
the research personnel will call 911.
BENEFITS:
Although it is possible that you may not receive any personal benefit from your
participation, the findings from this study may contribute to our understanding of the
treatment for balance, mobility and community integration following stroke.
ALTERNATIVES TO THE STUDY TREATMENT?
If you choose not to participate in this study, there are no alternative treatments but you
should continue any treatment that you may be receiving from a health professional.
REIMBURSEMENT:
We appreciate your involvement in this study and do not want you to incur any cost
associated with travel to the laboratory. We will provide parking adjacent to the building
where the testing will take place. If you prefer to take public transit, we will provide you
with return bus fare to/from your residence. Please retain your receipts.
CONFIDENTIALITY:
Your confidentiality will be respected. No information that discloses your identity will be
released or published without your specific consent to the disclosure. However, research
records and medical records identifying you may be inspected in the presence of the
Investigator or her designate by representatives of Health Canada, and the UBC
Research Ethics Board for the purpose of monitoring the research. However, no records
which identify you by name or initials will be allowed to leave the Investigators' offices.
Your individual results will be held in confidence. No person other than the investigators will
be given access to your records without your expressed permission. When the results are
reported, individual records will be coded or reported as group data. Representatives of
The University of British Columbia Research Ethics Board may require access to your
study-related records to monitor the conduct of the research. This Board aims to help
protect the rights of research subjects. If you would like a copy of the study results,
please indicate this on the consent form.
VOLUNTARY PARTICIPATION:

Participation in the study is completely voluntary. You may refuse to participate or
withdraw from the study at any time with no effect on you, including clinical care. You
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are not obligated to provide any reason for your withdrawal, should you choose to do so.
Participation in this study does not prevent you from participating in other research
studies in the future. If you are willing to be contacted in the future for other research
studies, please indicate this on the consent form. You can always withdraw this consent
to be contacted in the future, should you change your mind. In this case, your name and
contact information will be removed from our records. Participation in any future
research is completely voluntary and will have no bearing on the results of the current
research project.
WHO IS CONDUCTING THE STUDY?
The principal investigator has received financial compensation from the Faculty of
Medicine that will provide travel expenses for subjects participating in this study. You
are entitled to request any details concerning this compensation from the Principal
Investigator.
FURTHER QUESTIONS?
Please contact one of us, at the address below or by phone, to ask any questions you
may have about the study.

Principal Investigator:

Co-investigator:

Graduate Student:

S. Jayne Garland, PhD, PT
Professor and Director
Department of Physical Therapy
The University of British Columbia
2177 Wesbrook Mall
212, Friedman Building
Vancouver, British Columbia
V6T 1Z3

Lara Boyd, MPT, PhD
Assistant Professor
Department of Physical Therapy
The University of British Columbia
2177 Wesbrook Mall
212, Friedman Building
Vancouver, British Columbia
V6T 1Z3

Vicki Gray, MPT
Visiting Doctoral Student
Rehabilitation Sciences
The University of British Columbia
2177 Wesbrook Mall
212, Friedman Building
Vancouver, British Columbia
V6T 1Z3

If you have any concerns about your treatment or rights as a research subject, you may
contact the Research Subject Information Line in the UBC Office of Research Services
Please keep this information letter for future reference.
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THE UNIVERSITY OF BRITISH COLUMBIA

Vancouver,

Department of Physical Therapy
Faculty of Medicine
212, Friedman Building
2177 Wesbrook Mall
Vancouver, British Columbia V6T 1Z3

CONSENT FORM

Standing Balance Following
Stroke: A Novel Approach to Postural Muscle Retraining
I have read the Letter of Information, have had the nature of the study explained to me and I agree
to participate. All questions have been answered to my satisfaction. My signature below indicates
that I will receive a signed and dated copy of this consent form for my own records. This consent
form is not a contract and as such you are not giving up any legal rights by signing it.
□

I agree to participate in the TMS component of study.

My signature indicates that I consent to participate in this study.
__________________________
Print Name

______________________ _______________
Signature
Date

Signature of Person Obtaining Consent:
__________________________
Print Name

______________________ _______________
Signature
Date

Signature of Principal Investigator or/ Designated Representative
__________________________
Print Name

______________________ _______________
Signature
Date

Possibility of future research
There may be future opportunities for you to participate in ongoing research. If you are
interested in being contacted, please check the appropriate box below. If contacted, you
will be asked to read a new letter of information and sign a new consent form.
□
Please keep my name and contact information so that I may be contacted to learn
about future research opportunities or have access to my data in the future.
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□

Copy of Study Results

I would like a copy of the study results.

Yes

□

No

□

If yes, please write your mailing address below.
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
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Curriculum Vitae
Name:

Vicki L. Gray

Education

MPT/PhD
The University of Western Ontario
London, Ontario, Canada
2007-2012
Master of Physical Therapy
The University of Western Ontario
London, Ontario, Canada
2007-2009
MSc Physical Therapy
The University of Western Ontario
London, Ontario, Canada
2005- (direct transfer to PhD)
Bachelor of Human Kinetics
The University of Windsor
Windsor, Ontario, Canada
1999-2004
Bachelor of Public Administration
The University of Windsor
Windsor, Ontario, Canada
1988-1992

Related Work Experience
2010-2012

Research Assistant to Dr. Jayne Garland
The University of British Columbia, Vancouver, BC
Research Project: Heart and Stroke Foundation of Ontario
Project Name: Client Centered "tune-ups": do they enhance
physical capacity, mobility function and community reintegration
in stroke survivors?

2010

Teaching Assistant, Department of Physical Therapy
The University of British Columbia, Vancouver, BC

2009

Teaching Assistant, Department of Physical Therapy
The University of Western Ontario, London, ON
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2007-2010

Research Assistant to Dr. Jayne Garland
The University of Western Ontario, London, ON
Research Project: Heart and Stroke Foundation of Ontario
Project Name: Client Centered "tune-ups": do they enhance
physical capacity, mobility function and community reintegration
in stroke survivors?

2005-2007

Teaching Assistant/Lab Coordinator, Faculty of Health Science
The University of Western Ontario

Service
2007-2010

Mentorship Program, Health and Rehabilitation Science

2006-2007

MSc/PhD Physical Therapy Field Committee, Student
Representative, University of Western Ontario

2005-2006

Master of Science Program Committee, Student
Representative, University of Western Ontario
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